
Pathology 
and Epidemiology 
of Cancer

Massimo Loda
Lorelei A. Mucci
Megan L. Mittelstadt
Mieke Van Hemelrijck
Maura Bríd Cotter
Editors

123



Pathology and Epidemiology of Cancer



Massimo Loda • Lorelei A. Mucci
Megan L. Mittelstadt
Mieke Van Hemelrijck
Maura Bríd Cotter
Editors

Pathology
and Epidemiology
of Cancer

123



Editors
Massimo Loda
Department of Pathology
Dana-Farber Cancer Institute
and Brigham & Women’s Hospital,
Harvard Medical School

Boston, MA
USA

Lorelei A. Mucci
Department of Epidemiology
Harvard T.H. Chan School of Public Health
Boston, MA
USA

Megan L. Mittelstadt
Department of Genetics
Harvard Medical School
Boston, MA
USA

Mieke Van Hemelrijck
Guy’s Hospital
King’s College London
London
UK

Maura Bríd Cotter
Department of Pathology
Dana-Farber Cancer Institute
and Brigham & Women’s Hospital,
Harvard Medical School

Boston, MA
USA

ISBN 978-3-319-35151-3 ISBN 978-3-319-35153-7 (eBook)
DOI 10.1007/978-3-319-35153-7

Library of Congress Control Number: 2016940001

© Springer International Publishing Switzerland 2017
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or
part of the material is concerned, specifically the rights of translation, reprinting, reuse of
illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way,
and transmission or information storage and retrieval, electronic adaptation, computer software,
or by similar or dissimilar methodology now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are
exempt from the relevant protective laws and regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and information in
this book are believed to be true and accurate at the date of publication. Neither the publisher nor
the authors or the editors give a warranty, express or implied, with respect to the material
contained herein or for any errors or omissions that may have been made.

Printed on acid-free paper

This Springer imprint is published by Springer Nature
The registered company is Springer International Publishing AG Switzerland



Preface

The conception of this book arose from an ongoing course created in 2010
for Cancer Biology Ph.D. students at Harvard Medical School, entitled “The
Epidemiology and Molecular Pathology of Cancer.” A series of general
lectures begins the course, upon which the introductory chapters of this text
are based. Each subsequent day of the course is dedicated to a single cancer
type, with lecturers providing an overview of the cancer from the
points-of-view of both an epidemiologist and a pathologist. The course, and
thus this text, is unique in that it integrates the disciplines of cancer pathology
and epidemiology, ranging from population-based understandings to detailed
molecular mechanisms to provide a synergistic and comprehensive view of
cancer pathogenesis.

Pathology is at the cornerstone of cancer pathogenesis, diagnosis, prog-
nosis, and treatment. While other books may focus on either the morpho-
logical aspects or the mechanisms of cancer etiology and pathogenesis, this
text will provide relevant information on the diagnostic, prognostic, and
predictive molecular pathology of cancer. Epidemiological studies, both
descriptive and analytical, provide insights into the burden of cancer, its
causes and opportunities for prevention, and contribute to the understanding
of the molecular mechanisms of disease from a population-based prospective.
The two disciplines pathology and epidemiology are symbiotic in their
objectives and tackle the understanding of disease from complementary
paths. By integrating these two disciplines with basic and medical science, as
well as with population-based studies, we provide a unique and compre-
hensive overview that helps the reader to understand neoplastic disease
processes.

This book will concentrate on several of the major cancers that are
prevalent and for which substantial molecular, pathological, and epidemio-
logical data are currently available. Part I of this book introduces readers to
some basic concepts in pathology, epidemiology, screening, genetics, and
biostatistical approaches. Following this, Part II consists of paired chapters
presenting basic biology, current epidemiological data, and common prac-
tices and challenges related to molecular pathology of a given cancer type—
one chapter written from the point of view of a pathologist and one from the
point of view of an epidemiologist. That said, we have collectively taken
great care to ensure that the chapters provide complementary and nonover-
lapping information for the cancer types discussed within.

v



Contents

Part I Basic Principles of Patho-epidemiology

1 The Intersection of Epidemiology and Pathology . . . . . . . . . 3
Megan L. Mittelstadt, Edward L. Giovannucci,
Lorelei A. Mucci and Massimo Loda

2 Introduction to Histology . . . . . . . . . . . . . . . . . . . . . . . . . . 11
Maura Bríd Cotter and Massimo Loda

3 Introduction to Pathology . . . . . . . . . . . . . . . . . . . . . . . . . . 27
Maura Bríd Cotter and Massimo Loda

4 Basic Techniques in Molecular Pathology . . . . . . . . . . . . . . 43
Matthew D. Stachler

5 Introduction to Cancer Epidemiology . . . . . . . . . . . . . . . . . 63
Mieke Van Hemelrijck and Lars Holmberg

6 Cancer Screening . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
Lorelei A. Mucci, Kathryn M. Wilson and Jennifer R. Rider

7 Molecular and Genetic Epidemiology of Cancer . . . . . . . . . 83
Kathryn L. Penney

8 Bioinformatic Analysis of Epidemiological
and Pathological Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
Svitlana Tyekucheva and Giovanni Parmigiani

Part II Cancer Types

9 Epidemiology of Prostate Cancer . . . . . . . . . . . . . . . . . . . . 107
Lorelei A. Mucci, Kathryn M. Wilson
and Edward L. Giovannucci

10 Pathology and Molecular Pathology of Prostate Cancer . . . . 127
Nairi Tchrakian, Maura Bríd Cotter and Massimo Loda

11 Epidemiology of Breast Cancer . . . . . . . . . . . . . . . . . . . . . . 151
Rulla M. Tamimi

12 Pathology and Molecular Pathology of Breast Cancer . . . . . 173
Caterina Marchiò, Felipe C. Geyer and Jorge S. Reis-Filho

vii

http://dx.doi.org/10.1007/978-3-319-35153-7_1
http://dx.doi.org/10.1007/978-3-319-35153-7_1
http://dx.doi.org/10.1007/978-3-319-35153-7_2
http://dx.doi.org/10.1007/978-3-319-35153-7_2
http://dx.doi.org/10.1007/978-3-319-35153-7_3
http://dx.doi.org/10.1007/978-3-319-35153-7_3
http://dx.doi.org/10.1007/978-3-319-35153-7_4
http://dx.doi.org/10.1007/978-3-319-35153-7_4
http://dx.doi.org/10.1007/978-3-319-35153-7_5
http://dx.doi.org/10.1007/978-3-319-35153-7_5
http://dx.doi.org/10.1007/978-3-319-35153-7_6
http://dx.doi.org/10.1007/978-3-319-35153-7_6
http://dx.doi.org/10.1007/978-3-319-35153-7_7
http://dx.doi.org/10.1007/978-3-319-35153-7_7
http://dx.doi.org/10.1007/978-3-319-35153-7_8
http://dx.doi.org/10.1007/978-3-319-35153-7_8
http://dx.doi.org/10.1007/978-3-319-35153-7_8
http://dx.doi.org/10.1007/978-3-319-35153-7_9
http://dx.doi.org/10.1007/978-3-319-35153-7_9
http://dx.doi.org/10.1007/978-3-319-35153-7_10
http://dx.doi.org/10.1007/978-3-319-35153-7_10
http://dx.doi.org/10.1007/978-3-319-35153-7_11
http://dx.doi.org/10.1007/978-3-319-35153-7_11
http://dx.doi.org/10.1007/978-3-319-35153-7_12
http://dx.doi.org/10.1007/978-3-319-35153-7_12


13 Epidemiology of Ovarian and Endometrial Cancers. . . . . . . 233
Kathryn L. Terry and Stacey A. Missmer

14 Pathology and Molecular Pathology of Uterine
and Ovarian Cancers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 247
Eric C. Huang, David W. Kindelberger
and Luis G. Carvajal-Carmona

15 Brain Tumors—Epidemiology. . . . . . . . . . . . . . . . . . . . . . . 279
Ayal Aizer and Brian Alexander

16 Pathology and Molecular Pathology of Brain Cancer . . . . . . 291
Keith L. Ligon, Kim Wilkinson and Charles D. Stiles

17 Epidemiology of Renal Cell Carcinoma . . . . . . . . . . . . . . . . 313
Alejandro Sanchez, Christopher B. Allard
and Kathryn M. Wilson

18 Pathology and Molecular Pathology of Renal Cancer . . . . . . 335
Sue Chang and Massimo Loda

19 Epidemiology of Lung Cancer . . . . . . . . . . . . . . . . . . . . . . 347
Dimitra Repana and James Spicer

20 Pathology and Molecular Pathology of Lung Cancer . . . . . . 367
Lucian R. Chirieac and Lester Kobzik

21 Epidemiology of Colorectal Cancer . . . . . . . . . . . . . . . . . . . 391
NaNa Keum and Edward L. Giovannucci

22 Pathology and Molecular Pathology of Colorectal
Cancer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 409
Emily Jean Poulin, Jeanne Shen, Jessica J. Gierut
and Kevin M. Haigis

23 Epidemiology of Hepatocellular Carcinoma . . . . . . . . . . . . . 447
Francesca Giunchi, Francesco Vasuri
and Michelangelo Fiorentino

24 The Pathology and Molecular Pathology
of Hepatocellular Carcinoma . . . . . . . . . . . . . . . . . . . . . . . 455
Francesco Vasuri, Francesca Giunchi
and Michelangelo Fiorentino

25 Epidemiology of Pancreatic Cancer . . . . . . . . . . . . . . . . . . . 471
Dominique S. Michaud

26 Pathology and Molecular Pathology of Pancreatic
Cancer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 489
Wai Chin Foo and Huamin Wang

27 Epidemiology of Bladder Cancer. . . . . . . . . . . . . . . . . . . . . 511
Sarah M. Rudman and Danielle Crawley

28 Bladder Cancer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 523
Elizabeth L. Kehr and Justine A. Barletta

viii Contents

http://dx.doi.org/10.1007/978-3-319-35153-7_13
http://dx.doi.org/10.1007/978-3-319-35153-7_13
http://dx.doi.org/10.1007/978-3-319-35153-7_14
http://dx.doi.org/10.1007/978-3-319-35153-7_14
http://dx.doi.org/10.1007/978-3-319-35153-7_14
http://dx.doi.org/10.1007/978-3-319-35153-7_15
http://dx.doi.org/10.1007/978-3-319-35153-7_15
http://dx.doi.org/10.1007/978-3-319-35153-7_16
http://dx.doi.org/10.1007/978-3-319-35153-7_16
http://dx.doi.org/10.1007/978-3-319-35153-7_17
http://dx.doi.org/10.1007/978-3-319-35153-7_17
http://dx.doi.org/10.1007/978-3-319-35153-7_18
http://dx.doi.org/10.1007/978-3-319-35153-7_18
http://dx.doi.org/10.1007/978-3-319-35153-7_19
http://dx.doi.org/10.1007/978-3-319-35153-7_19
http://dx.doi.org/10.1007/978-3-319-35153-7_20
http://dx.doi.org/10.1007/978-3-319-35153-7_20
http://dx.doi.org/10.1007/978-3-319-35153-7_21
http://dx.doi.org/10.1007/978-3-319-35153-7_21
http://dx.doi.org/10.1007/978-3-319-35153-7_22
http://dx.doi.org/10.1007/978-3-319-35153-7_22
http://dx.doi.org/10.1007/978-3-319-35153-7_22
http://dx.doi.org/10.1007/978-3-319-35153-7_23
http://dx.doi.org/10.1007/978-3-319-35153-7_23
http://dx.doi.org/10.1007/978-3-319-35153-7_24
http://dx.doi.org/10.1007/978-3-319-35153-7_24
http://dx.doi.org/10.1007/978-3-319-35153-7_24
http://dx.doi.org/10.1007/978-3-319-35153-7_25
http://dx.doi.org/10.1007/978-3-319-35153-7_25
http://dx.doi.org/10.1007/978-3-319-35153-7_26
http://dx.doi.org/10.1007/978-3-319-35153-7_26
http://dx.doi.org/10.1007/978-3-319-35153-7_26
http://dx.doi.org/10.1007/978-3-319-35153-7_27
http://dx.doi.org/10.1007/978-3-319-35153-7_27
http://dx.doi.org/10.1007/978-3-319-35153-7_28
http://dx.doi.org/10.1007/978-3-319-35153-7_28


29 Epidemiology of Hematologic Malignancies . . . . . . . . . . . . . 543
Julie L. Batista, Brenda M. Birmann and Mara Meyer Epstein

30 Pathology and Molecular Pathology of Hematologic
Malignancies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 571
Dinesh Rao and Jonathan Said

31 Epidemiology of Melanoma . . . . . . . . . . . . . . . . . . . . . . . . 591
Sameer Gupta and Hensin Tsao

32 Pathology and Molecular Pathology of Melanoma . . . . . . . . 613
Amrita Goyal and Lyn McDivitt Duncan

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 655

Contents ix

http://dx.doi.org/10.1007/978-3-319-35153-7_29
http://dx.doi.org/10.1007/978-3-319-35153-7_29
http://dx.doi.org/10.1007/978-3-319-35153-7_30
http://dx.doi.org/10.1007/978-3-319-35153-7_30
http://dx.doi.org/10.1007/978-3-319-35153-7_30
http://dx.doi.org/10.1007/978-3-319-35153-7_31
http://dx.doi.org/10.1007/978-3-319-35153-7_31
http://dx.doi.org/10.1007/978-3-319-35153-7_32
http://dx.doi.org/10.1007/978-3-319-35153-7_32


Contributors

Ayal Aizer Harvard Medical School, Dana-Farber/Brigham and Women’s
Cancer Center, Boston, MA, USA

Brian Alexander Harvard Medical School, Dana-Farber/Brigham and
Women’s Cancer Center, Boston, MA, USA

Christopher B. Allard Department of Urology, Massachusetts General
Hospital, Boston, MA, USA

Justine A. Barletta Brigham and Women’s Hospital, Harvard Medical
School, Boston, MA 02115, USA

Julie L. Batista Channing Division of Network Medicine, Department of
Medicine, Brigham and Women’s Hospital and Harvard Medical School,
Boston, MA 02115, USA

Brenda M. Birmann Channing Division of Network Medicine, Department
of Medicine, Brigham and Women’s Hospital and Harvard Medical School,
Boston, MA 02115, USA

Luis G. Carvajal-Carmona Genome Center and School of Medicine,
University of California at Davis, Davis, CA, USA

Sue Chang David Geffen School of Medicine, UCLA, CHS Los Angeles,
CA, USA

Lucian R. Chirieac Harvard Medical School, Brigham and Women’s
Hospital, Boston, MA, USA

Maura Bríd Cotter Department of Pathology, Dana-Farber Cancer Institute
and Brigham & Women’s Hospital, Harvard Medical School, Boston, MA,
USA

Danielle Crawley Cancer Epidemiology Group, Research Oncology, Ber-
mondsey Wing Guy’s Hospital, King’s College London, London SE1 9RT,
UK

Lyn McDivitt Duncan WRN825 Dermatopathology Unit, Massachusetts
General Hospital, 55 Fruit Street, Boston, MA 02114, USA

Mara Meyer Epstein Department of Medicine, University of Massachusetts
Medical School, Worcester, MA 01605, USA

xi



Michelangelo Fiorentino S.Orsola-Malpighi Teaching Hospital, Addarii
Institute of Oncology, 40138 Bologna, Italy

Wai Chin Foo MD Anderson Cancer Center, University of Texas, Houston,
TX 77030, USA

Felipe C. Geyer Hospital Israelita Albert Einstein, Sao Paolo, Brazil;
Memorial Sloan Kettering Cancer Center, New York, NY, USA

Jessica J. Gierut Beth Israel Deaconess Medical Center, Cambridge, MA,
USA

Edward L. Giovannucci Harvard T.H. Chan School of Public Health,
Boston, MA, USA

Francesca Giunchi S.Orsola-Malpighi Teaching Hospital, Addarii Institute
of Oncology, 40138 Bologna, Italy

Amrita Goyal University of Minnesota, Minneapolis, MN 55455, USA

Sameer Gupta Harvard Medical School, Boston, MA 02114, USA

Kevin M. Haigis Harvard Medical School, Cancer Research Institute, Beth
Israel Deaconess Medical Center, Boston, MA, USA

Mieke Van Hemelrijck Division of Cancer Studies, Cancer Epidemiology
Group, Guy’s Hospital, King’s College London, London, UK

Lars Holmberg Division of Cancer Studies, Cancer Epidemiology Group,
Guy’s Hospital, King’s College London, London, UK

Eric C. Huang School of Medicine, University of California at Davis,
Sacramento, CA, USA

NaNa Keum Harvard T.H. Chan School of Public Health, Boston, MA, USA

Elizabeth L. Kehr Brigham and Women’s Hospital, Harvard Medical
School, Boston, MA 02115, USA

David W. Kindelberger School of Medicine, Boston University, Boston,
MA, USA

Lester Kobzik Harvard Medical School, Brigham and Women’s Hospital,
Boston, MA, USA

Keith L. Ligon Harvard Medical School, Boston, MA, USA

Massimo Loda Department of Pathology, Dana-Farber Cancer Institute and
Brigham & Women’s Hospital, Harvard Medical School, Boston, MA, USA

Caterina Marchiò University of Turin, Turin, Italy

Dominique S. Michaud Tufts University School of Medicine, Boston, MA
02111, USA

Stacey A. Missmer Brigham and Women’s Hospital and Harvard Medical
School, Harvard T.H. Chan School of Public Health, Boston, MA, USA

xii Contributors



Megan L. Mittelstadt Harvard Medical School, Boston, MA, USA

Lorelei A. Mucci Harvard T.H. Chan School of Public Health, Boston, MA,
USA

Giovanni Parmigiani Department of Biostatistics and Computational Biol-
ogy, Dana-Farber Cancer Institute, Boston, MA, USA; Department of Bio-
statistics, Harvard T.H. Chan School of Public Health, Boston, MA, USA

Kathryn L. Penney Harvard Medical School, Brigham and Women’s
Hospital, Boston, MA, USA

Emily Jean Poulin Beth Israel Deaconess Medical Center, Boston, MA,
USA

Dinesh Rao David Geffen School of Medicine, UCLA Medical Center, Los
Angeles, CA 90095, USA

Jorge S. Reis-Filho Memorial Sloan Kettering Cancer Center, New York,
NY, USA

Dimitra Repana Guy’s and St. Thomas’ NHS Foundation Trust, London,
UK

Jennifer R. Rider Harvard T.H. Chan School of Public Health, Boston, MA,
USA; Department of Epidemiology, Boston University School of Public
Health, 715 Albany Street Talbot T317E, Boston, MA 02118, USA

Sarah M. Rudman Guy’s and St. Thomas’ NHS Foundation Trust, Ber-
mondsey Wing Guy’s Hospital, London SE1 9RT, UK

Jonathan Said David Geffen School of Medicine, UCLA Medical Center,
Le Conte Ave., 13-222 CHS, Los Angeles, CA 90095, USA

Alejandro Sanchez Department of Urology, Massachusetts General
Hospital, Boston, MA, USA

Jeanne Shen Southwestern Medical Center, University of Texas, Dallas, TX,
USA

James Spicer Guy’s Hospital, King’s College London, London, UK

Matthew D. Stachler Harvard Medical School, Brigham and Women’s
Hospital, Boston, MA, USA

Charles D. Stiles Department of Neurobiology, Harvard Medical School,
Boston, MA, USA; Department of Cancer Biology, Dana-Farber Cancer
Institute, Boston, MA, USA

Rulla M. Tamimi Harvard Medical School, Channing Division of Network
Medicine, Brigham and Women’s Hospital, Boston, MA, USA

Nairi Tchrakian Department of Pathology, St. James’s Hospital, Dublin 8,
Ireland

Kathryn L. Terry Brigham and Women’s Hospital and Harvard Medical
School, Harvard T.H. Chan School of Public Health, Boston, MA, USA

Contributors xiii



Hensin Tsao Harvard Medical School, Boston, MA 02114, USA

Svitlana Tyekucheva Department of Biostatistics and Computational Biol-
ogy, Dana-Farber Cancer Institute, Boston, MA, USA; Department of Bio-
statistics, Harvard T.H. Chan School of Public Health, Boston, MA, USA

Francesco Vasuri S.Orsola-Malpighi Teaching Hospital, Addarii Institute of
Oncology, 40138 Bologna, Italy

Huamin Wang MD Anderson Cancer Center, University of Texas, Houston,
TX 77030, USA

Kim Wilkinson Dana-Farber Cancer Institute, Boston, MA, USA

Kathryn M. Wilson Harvard T.H. Chan School of Public Health, Boston,
MA, USA

xiv Contributors



Part I

Basic Principles of Patho-epidemiology



1The Intersection of Epidemiology
and Pathology

Megan L. Mittelstadt, Edward L. Giovannucci,
Lorelei A. Mucci and Massimo Loda

1.1 The Intersection of Pathology
and Epidemiology

As is the trend in many disciplines, research groups
are approaching cancer using interdisciplinary
approaches to gain a more complete understanding
of the disease as well as to identify predictive
biomarkers at molecular, individual, and population
levels [1]. Pathology and epidemiology are central
to these ambitions, and work together toward the
common goal of elucidating disease etiology and
progression. Modern cancer biology research is
increasingly focused on identification of genetic
heterogeneity via molecular pathology, but it
remains important to contextualize individual
molecular profiles within the individual’s lifetime

environmental exposures (“exposome”), resulting
gene: environment interactions, and disease trajec-
tory [2]. Furthermore, population-level trends
gathered via epidemiological models can be inte-
grated with molecular pathologic data to elucidate
etiology simultaneously at molecular, individual,
and population levels. Identification of trends and
associations driving cancers on a population level
provide opportunity for predictive markers, screen-
ing opportunities, and therapeutic advances with a
greater impact. It is our hope that in making
pathology accessible to epidemiologists, and epi-
demiology accessible to pathologists, trends that are
important in populations of cells and of people
might be identified and acted upon with greater
frequency.

Beyond this, the two fields work more sym-
biotically. It is increasingly clear that cancers,
such as prostate, colon, or breast cancer, are not
single diseases but rather are comprised of many
subtypes defined by molecular pathology and
histology. Patho-epidemiology incorporates
pathological and tumor biomarker data for indi-
viduals diagnosed with cancer or other conditions
that are participants in well-defined epidemio-
logical studies. A more detailed classification of
tumors can be achieved by adding molecular
annotation based on biomarker assessment in
pathology specimens from patients in existing
epidemiologic cohorts to existing clinical data
available in these databases. On the other side,
pathology studies are enriched by the principles
of epidemiological methods to define study
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populations and design. Patho-epidemiology is
uniquely derived from the interaction between
investigators in these two disciplines.

1.2 Examples from the Intersection
of Epidemiology
and Pathology

One of the earliest cancer studies integrating the
disciplines of epidemiology and pathology was
undertaken to examine histological changes in
lung tissue associated with exposure to passive
smoking. This work was initiated following the
publication of two seminal studies in 1983
showing nonsmoking women exposed to envi-
ronmental tobacco from their husbands had an
increased risk of lung cancer [3]. To provide
follow-up evidence for this epidemiological
finding, a team of epidemiologists and patholo-
gists retrieved lung tissue at autopsy from a
cohort of 283 adults not known to have died of
cancer [4]. The team interviewed next of kin to
collect data on the smoking habits of both the
deceased individual and his/her family. A single
pathologist reviewed the histological specimens
without knowledge of the smoking status and
characterized a variety of preneoplastic epithelial
lesions. The study found nonsmoking women
married to smoking husbands had a much higher
prevalence of these precursor lesions in lung
tissue than women married to nonsmoking hus-
bands, and at a level similar to that of smoking
women. The results from this study were pivotal
in establishing the causal link between passive
smoking and lung cancer risk.

1.2.1 Breast Cancer

Some of the clearest examples of the importance
of integrating epidemiologists and pathologists
working together to identify unique risk factors
based on molecular subtypes are in breast cancer.
Gene expression profiling studies identified
unique molecular subtypes of breast cancer [5,
6], and these subtypes are not only prognostic
and predictive, but also appear to be etiologically

unique. Eliassen et al. [7] undertook a study to
examine prediagnostic circulating levels of
α-carotene, β-carotene, lycopene, and total car-
otenoids as related to breast cancer risk. Higher
levels of each carotenoid were associated with a
significant 18–28 % lower breast cancer risk
during 20-year follow-up. Moreover, high
plasma carotenoids were specifically associated
with reduced risk for ER- cancers as well as
cancers that were ultimately fatal.

1.2.2 Prostate Cancer

Prostate specific antigen (PSA), widely hailed as
a victory in cancer screening, became a common
screening test in the 1990s and eventually led to
overdiagnosis and overtreatment of prostate can-
cer, causing some to advocate that routine
screening be abandoned [8–10]. In the PSA
screening era, detected prostate cancer is mainly
indolent disease and there is a need for diagnostic
measures that will narrow the focus on cancers
with lethal potential, requiring that better surro-
gates be identified and validated [11]. Approach-
ing this issue from the field of epidemiology, it
appears that the risk factor patterns for potentially
lethal prostate cancer differ greatly from that of
indolent disease, suggesting different etiologies
and distinct subtypes [12]. It was only through the
integration of large epidemiologic databases and
careful molecular annotation in prostate cancer
specimens from these cohorts that novelmolecular
biomarkers such as gene expression profile sig-
natures have been identified. For example,
researchers identified a molecular signature of
Gleason grade that strongly predicts lethal disease
[13]. Gene expression profile signatures can also
provide novel predictive tools to clinicians to
decide on important therapeutic options.

The somatic gene fusion TMPRSS2:ERG,
involving the androgen-regulated TMPRSS2 and
ERG (a member of the ETS family of oncoge-
nes), has been proposed as a common prostate
cancer molecular subtype that can readily be
identified with molecular pathology techniques.
A polymorphic CAG repeat sequence in the
androgen receptor gene influences activity of the

4 M.L. Mittelstadt et al.



gene product. Men with shorter CAG repeats
have a significantly higher risk of TMPRSS2:
ERG prostate cancer, while there is no associa-
tion of repeat length with TMPRSS2:ERG neg-
ative cancer [14]. There also exists a link
between obesity and TMPRSS2:ERG, which
stands out given the association of obesity and
insulin signaling with prostate cancer mortality.
TMPRSS2:ERG tumors have increased insulin
and IGF1 expression. Likewise, obesity was
strongly associated with mortality among
patients whose tumors harbored TMPRSS2:ERG
while no association was shown for men whose
tumors lacked the gene fusion [15].

1.2.3 Glioblastoma

Great progress has been made in the field of
glioblastoma (GBM), a cancer associated with
very poor survival and high resistance to radio-
therapy and chemotherapy. The identification of
GBM patients also harboring IDH1 mutations,
and the subsequent pathologic separation of
these tumors from type I glioblastomas, has
translated to effective stratification of prognostic
groups and potential therapeutic opportunities.
However, the identification of many risk factors
associated with this disease (exposure to high
doses of ionizing radiation, inherited mutations
of highly penetrant genes associated with rare
syndromes, etc.) have not yet translated to the
identification of valuable therapeutic opportuni-
ties. Collaborative studies should continue to
examine the interaction between exposures to
therapeutic doses of ionizing radiation and
identified signaling pathways disrupted in GBM
(increased activation of receptor tyrosine
kinase/RAS/PI3K signaling, loss of function in
p53 signaling, and reduced signaling of the RB
pathway) to identify links, potentially surround-
ing DNA repair genes [16].

1.2.4 Hematologic Malignancies

In the field of hematologic malignancies, epi-
demiologists and pathologists work together
under the purview of the International Lym-
phoma Epidemiology Consortium (InterLymph)
Pathology Working Group to facilitate unifor-
mity in the investigation of lymphoma subtypes
in epidemiologic research [17]. This initiative
has completed significant work on non-genetic
risk factors to determine end points for epi-
demiologic studies based on pathologic classifi-
cation. InterLymph has also sought to delineate
major risk factors associated with specific
hematologic malignancies as well as across all
hematologic malignancies. As an example, cer-
tain autoimmune diseases (e.g. systemic lupus
erythematosus) are significantly associated with
many hematologic malignancies [18]. However,
there is a lack of data on risk factors for diffuse
large B-cell lymphoma molecular subtypes, an
area that would benefit from further collaborative
work from this or other working groups.

The examples included thus far only scratch
the surface of their respective fields. In order to
provide a deep view of how the interactions
between epidemiology and pathology can drive
progress in a field, we will use colorectal cancer
as a representative example.

1.2.5 Colorectal Cancer

Fearon and Vogelstein first described the classic
model of colorectal carcinogenesis in 1990. Their
model outlined the sequence of steps involved in
the progression from normal epithelium, to benign
precursors and into invasive adenocarcinoma [19].
Subsequently, additional genetic and epigenetic
changes have been identified for colorectal car-
cinogenesis. Only some of these alterations are
considered to be drivers of the development and
progression of these cancers [20, 21]. Currently,
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colorectal cancer (CRC) has been characterized by
three key molecular subtypes: chromosomal
instability (CIN), microsatellite instability (MSI),
and the CpG island methylator (CIMP) pathway
[22–24]. CIN is the most common subtype, and is
observed in approximately 80 % of the sporadic
cases of CRC. The second major subtype, which
accounts for approximately 10–15 % of CRC, is
the CIMP subtype. Patho-epidemiology studies
have helped to elucidate the effect of various
exposures on CRC risk and survival.

An association between obesity and CRC risk
overall is well established. In recent years, some
studies have examined the association between
measures of obesity and molecular subtypes or
specific molecular alterations in CRC. Interest-
ingly, based on studies conducted to date, obesity
does not appear to act preferentially on many of
the common molecular pathways identified for
CRC. For example, obesity is not associated with
risk of developing CRCs with high MSI that
contains MLH1 methylation [25–28], BRAF
mutation [27], CTNNB1 overexpression [29], or
loss of expression in TP53 [30], in CDKN1B (or
p27) [31], and in CDKN1A (or p21) [32].
Overall, it appears that obesity is not differen-
tially related to tumors with MSI, but rather, may
be even more strongly associated with those with
a MS-stable phenotype. The timing of excess or
deficiency of energy over the life course may be
important. For example, in the Netherlands
Cohort Study on Diet and Cancer, individuals
who experienced severe war-related energy
restriction during adolescence and early adult-
hood had a 35 % lower risk for CIMP-positive
CRC [33]. It is unclear if severe energy restric-
tion during the growth period would operate on
similar mechanisms as excessive energy intake in
adulthood.

Beyond the major subtypes of CRC, insights
might also be provided by molecular markers
specifically related to energy balance. Fatty acid
synthase (FASN) is a potential candidate. FASN
has been suggested to act as a “metabolic onco-
gene,” conferring a selective growth advantage to
cells upon nutritional deprivation [34]. Experi-
mentally, FASN activity appears to promote
tumor cell proliferation and survival and allow

neoplastic cells to attain autonomy from the
regulation of host metabolic status. In one anal-
ysis based on the Nurses’ Health Study, women
who were overweight or obese were at higher
risk of FASN-negative CRC, but not at increased
risk of FASN-positive CRC relative to normal
weight women [35]. The authors hypothesized
that FASN-inactive cells are dependent on excess
energy balance for malignant progression,
whereas FASN-active cells may progress to
cancer independent of energy balance status.

Tobacco has had a moderate association with
risk of CRC, though the mechanism has not been
established. Interestingly, although effects of
tobacco-related carcinogens have been empha-
sized in discussing potential mechanisms, in
experimental studies, tobacco triggers multistep
epigenetic alterations at several sites within an
exposed tissue field; these altered cells precede
multifocal lesions and some foci may progress to
cancer overtime [36]. In parallel, epidemiologic
studies fairly consistently show smokers have an
increased risk of CRC showing epigenetic alter-
ations in genes associated with CIMP- and
MSI-related CRC. Although the increased risk of
total CRC associated with smoking has been
modest, for example about 1.2–1.3-fold, current
smoking has been associated with an approxi-
mately two-fold increased risk of developing
CRCswith features of highMSI or CIMP [37–39].

Aspirin and nonaspirin NSAIDs have been
shown to reduce risk of CRC. The mechanism of
action of these agents has been typically attri-
butable to their anti-inflammatory effects. In
particular, these compounds inhibit the actions of
PTGS2 or COX2. PTGS2 converts arachidonic
acid to prostaglandins, which exert numerous
pro-inflammatory effects. Supportive of a role in
cancer, PTGS2 is overexpressed in the majority
of CRC [40]. One study showed that regular
aspirin use was associated with an approximately
40 % lower risk for CRCs that overexpressed
PTGS2, but was not associated with CRCs that
did not overexpress PTGS2 [41]. In addition,
post-diagnostic use of aspirin also appeared to
improve overall survival among CRC patients
with PTGS2-overexpression but not those with-
out PTGS2 overexpression [42]. These findings,
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if confirmed, suggest the interesting possibility
that post-diagnostic aspirin may be more bene-
ficial among those who did not use aspirin before
diagnosis because the CRCs in these patients will
tend to be enriched in those with PTGS2
overexpression.

The incorporation of molecular pathologic
concepts into the epidemiology of CRC has been
increasing in the past decade. Taking into
account the heterogeneous nature of CRC should
enhance our understanding of factors involving
etiology and prognosis.

1.2.6 Genome-Wide Association
Studies

One key example of the synergy of epidemiology
and pathology comes from recent genome-wide
association studies (GWAS) of cancer that have
identified hundreds of genetic risk variants, but
the functional effects of these variants remain
largely unexplained. Epidemiologic analysis
together with molecular pathology annotation
allows an in-depth understanding of the biologi-
cal function of candidate genes or regions iden-
tified in GWAS studies. The Genotype-Tissue
Expression (GTEx) project, a human tissue bank
that includes tissues from the Cancer Human
Biobank program at the National Institutes of
Health (NIH), will aid in the identification of
genetic variation and gene expression causally
related to cancer initiation and progression in a
variety of tissues [43]. This project, at the inter-
section of molecular pathology and epidemiol-
ogy, includes tissue sampling upon death to
distinguish whether SNPs previously associated
with particular cancer contexts through GWAS
studies, are influencing gene expression in a
tissue-specific or tissue-wide manner.

1.3 Summary

The fields of epidemiology and pathology together
investigate various lifetime exposures, molecular
alterations associated with disease, and progres-
sion of disease overtime. With epidemiology

providing insights into the burden and molecular
mechanisms of cancer and pathology providing
the complimentary molecular and histological
diagnoses of cancer, patho-epidemiological
investigators are better able to stratify and char-
acterize cancer subtypes to promote diagnosis and
prevention. Analysis of cancer incidence and
mortality stratified by tumor subtypes may pro-
vide etiologic clues, provide evidence basis for
precision prevention of cancer, and improve out-
comes for patients. Future goals at the intersection
of these fields include using pathologic and epi-
demiologic data to determine the type of tumor
likely to develop, the molecular mechanisms that
mediate its development, and the threat that tumor
poses to an individual’s health. New knowledge
will provide the information necessary to better
establish causal associations, determine
dose-response and timing issues, and inform on
recommendations regarding optimal disease pre-
vention, early detection, and treatment. In sum-
mary, cancer etiology, pathogenesis,
maintenance, and progression are all influenced by
context. To this end, epidemiology provides con-
text at a population level while pathology provides
context at the cellular, tissue, organ, and systemic
levels. The integration of these two disciplines is
therefore essential to cancer research and to the
ultimate defeat of this disease.
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2Introduction to Histology

Maura Bríd Cotter and Massimo Loda

2.1 Introduction to Histology

“Histology” is the examination of normal cells
and tissue and is performed with the aid of a
microscope. In contrast, “histopathology,” a
subdiscipline within pathology, refers to the
study of diseased tissues, and will be discussed
separately in Chap. 3. Histologists have the
specialized skills necessary to process and stain
various tissue samples, while histopathologists
are physicians with the skills necessary to inter-
pret the histological slides. The routine specimen
types received in a histology laboratory, and their
preparation using routine histological techniques,
are first introduced below, followed by an
introduction to the important components of a
normal human cell and the histology of various
normal tissue types.

2.2 Specimen Types

Specimens received for histological examination
include both cytology specimens and histopatho-
logy specimens, examples of which are listed in
Table 2.1. Cytology specimens are taken with
the aim of examining tissue at a cellular level [1].
These specimens, therefore, include samples of
free cells or tissue fragments. The most common
sample type is a fine needle aspiration (FNA),
where a very thin needle and a syringe are used
to acquire a small amount of cells or fluids from a
lesion (e.g. thyroid cyst [2]). Bodily fluids, such
as urine [3, 4], or cerebrospinal fluid [5], etc., can
also be processed. Another special sampling
technique is when cells are gently scraped or
brushed from an organ (e.g. cervical smear [6]).
In contrast, histopathology specimens include
whole organs or small samples of larger tissues.
A needle core biopsy is the most common type of
sample where, in comparison to a FNA, a large
needle is used to remove a greater quantity of
tissue. Other sampling techniques available to
clinicians include excisional biopsies where an
entire lesion is surgically excised, or incisional
biopsies where part of a larger lesion is removed.
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2.3 Specimen Examination
and Sampling

Grossing of histopathology specimens [7]
involves careful examination by the pathologist
including a specimen description, weight, and
measurement of dimensions [8]. Photographs can
be taken and relevant surgical margins inked.
Thorough dissection is performed in order to
locate representative areas suitable for sampling.
Biobanking [9] can also be completed at this
stage, which involves taking small samples of
fresh tissue and is used, for instance, to create
cell lines, isolate stem cells, generate organoids
or ex vivo organotypic cultures [10, 11] for
storage in a tissue biobank. Touch preparations
(or “touch preps”) can also be made using fresh
tissue [12, 13], where the specimen is gently
touched against a clean glass slide, an imprint
made, and later examined.

2.4 Preparation of Histological
Slides

The sampled tissue is placed into a plastic cas-
sette and undergoes a series of steps in order to
prepare the tissue for histological examination.

Table 2.2 highlights the various stages of tissue
preparation and summarizes the purpose of each
stage mentioned below.

2.4.1 Fixation of Tissue

Fixation involves submerging the sampled tissue
in chemical substances (i.e. fixatives) in order to
prevent tissue digestion by enzymes or bacteria
and to preserve as much as possible of its mor-
phologic and chemical characteristics. Fixatives
promote cross-links between proteins and form a
gel that maintains the in vivo relations of tissue
components to each other [14]. There are a
number of reagents that can be used for fixation,
each of which has differing penetration rates.
Formaldehyde [15] is the most commonly used
agent for histopathology and when dissolved in
water, it is referred to as “formalin.” One part
formalin is typically diluted with nine parts water
to produce a 10 % formalin solution, a concen-
tration that is optimal for tissue fixation [16].
This solution penetrates tissue at about 1 mm an
hour [17], therefore, biopsies are generally sub-
mitted for processing the same day as received,
while larger specimens (e.g. a mastectomy) are
not processed the same day as received as they
require a longer fixation period.

Table 2.1 Examples of
cytopathological and
histopathological
specimens

Cytopathology Histopathology

Fine needle aspiration (e.g. thyroid cyst) Biopsies (e.g. biopsy of a breast mass)

Smears (e.g. cervical) Surgical specimens (e.g. prostatectomy)

Bodily fluids (e.g. urine) Autopsy specimens (e.g. kidney)

Table 2.2 The stages of tissue preparation and the purpose of each stage

Stage Purpose

Sampling To choose the most representative areas of the specimen

Fixation To preserve tissue morphology and chemical composition

Dehydration To remove fixative and cell water and replace with dehydrating fluid

Clearing To remove dehydrating fluid and replace with clearing fluid

Embedding To impregnate with liquid paraffin and make the tissue resistant to sectioning

Sectioning To make tissue sections available for histological analysis
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2.4.2 Processing of Tissue

The processing of tissue includes dehydration,
clearing, and embedding steps. Dehydration
involves the removal of fixative and water from
the tissue and their replacement with dehydrating
agents by placement in increasing concentrations
of ethanol. Next, the clearing step involves
replacing the dehydrating fluid with a lipid sol-
vent (e.g. xylene). The tissue is subsequently
removed from the cassette and placed in a molten
wax-filled mold for embedding. At this point,
orientation of the tissue within the mold is criti-
cal, as it will determine the plane through which
the section will be cut. Incorrect placement of
tissues may result in diagnostically important
areas being missed or damaged later [18]. Elon-
gate tissues should be placed diagonally across
the block (e.g. core biopsy), while tubular
structures (e.g. vas deferens) are embedded so as
to provide transverse sections showing all tissue
layers. Specimens that have an epithelial surface
(e.g. skin surface) are embedded in such a way as
to provide sections in a plane at right angles to
the surface.

2.4.3 Sectioning of Tissue

The waxed cassette is next placed in an instru-
ment with fine blades called a microtome.
Rotation of the drive wheel moves the block
holder a controlled distance forwards, the blade’s
edge strikes the tissue block, and thin sections are
cut and affixed to a glass slide. Sections are
usually four microns thick so that a single layer
of cells can later be seen under the microscope.
Following thorough drying of the tissue sections
are ready for staining.

2.5 Staining of Tissue

As most tissues are colorless, methods of staining
tissues have been developed to make them visi-
ble, while also allowing distinctions to be made
between tissue components. This is done by
using mixtures of acidic or basic dyes that

selectively stain various tissue elements. The
constituents that react with basic dyes do so
because of acid in their composition (e.g.
nucleoproteins), while acidic dyes stain basic
tissue components (e.g. cytoplasmic proteins). Of
all routine stains, the combination of hema-
toxylin and eosin, or the “H&E stain” [19], is the
most commonly used and dates as far back as the
1870s. This stain is considered the gold standard
in histology and in a typical tissue section, nuclei
are stained blue/purple, whereas the cytoplasm
and surrounding matrix have varying degrees of
pink staining [20]. Therefore, the H&E stain has
the ability to reveal structural information with
specific functional implications. Special stains
[21] use a slightly different technique to stain
particular structures (e.g. Masson’s trichrome for
muscle and collagen fibers [22]) or pathogens
(e.g. Ziehl–Neelsen for acid-fast bacteria [23]).
When routine or special staining cannot provide
all the diagnostic answers required, histopathol-
ogists can use advanced staining techniques
including immunohistochemistry (IHC) or in situ
hybridization (ISH).

2.5.1 Immunohistochemistry

IHC is a multistep technique involving the
interaction of a target antigen (i.e. the protein of
interest) with a specific antibody tagged with a
visible label [24]. The aim is to detect the pres-
ence of elevated levels or the absence of a par-
ticular target antigen. Antibodies can be coupled
with an enzyme, such as horseradish peroxidase
(HRP), requiring the use of a light microscope
for visualization, or with fluorescent chemical
compounds requiring the use of a fluorescent
microscope. Different labeling techniques are
available including the direct or indirect labeling
method. In a direct assay, a fluorophore-labeled
antibody, such as fluorescein isothiocyanate, can
react directly with the target antigen. This tag
allows immediate visualization of the antigen. In
contrast, in an indirect assay, an unlabeled pri-
mary antibody is used. This binds to the target
antigen and an enzyme-labeled secondary anti-
body binds to the primary antibody. In general,
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primary antibodies are raised against the antigen
of interest and are unlabeled, while secondary
antibodies are raised against IgG of the primary
antibody. Finally, a chromogenic substrate must
be added for visualization (e.g. diaminoben-
zidine), which reacts to produce a brown pre-
cipitate in the presence of the HRP enzyme.
A simplistic illustration of these two assays is
shown in Fig. 2.1. Recent advances in this area
include multiplexing of antigens [25, 26],
whereby multiple stains can be performed on the
same tissue section, followed by analysis using
digital imaging software.

2.5.2 In Situ Hybridization

While IHC involves the detection of marker
proteins in tissue, ISH can detect target ribonu-
cleic acid (RNA) or deoxyribonucleic acid
(DNA) sequences [27]. Different detection sys-
tems are then used to visualize the presence of
the target sequence. Fluorescence ISH (FISH)
uses fluorescent dyes and fluorescent microscopy
while chromogenic ISH (CISH) uses chro-
mogenic dyes and brightfield microscopy [28]. In
this process, a complementary DNA strand (or

probe), or RNA strand (or riboprobe) is used to
localize a specific DNA or RNA sequence. The
probe hybridizes to the target sequence with
elevated temperature (i.e. denaturation) and
excess probe is washed away. If the probe is
already fluorescent, it will detect the site of
hybridization directly. If the probe is chro-
mogenic, an additional step is needed to visualize
the probe [29]. A simplistic illustration of ISH is
shown in Fig. 2.2. Multiplexing using ISH can
also be performed [30], followed by spectral
imaging for the detection and subsequent
deconvolution of multiple signals.

2.6 The Frozen Section

The “frozen section” is an alternative tissue
preparation technique where, in contrast to rou-
tine processing, is a rapid histological examina-
tion done on fresh tissue. The sample is quickly
placed into cryoprotective embedding medium
and cut in a refrigerated microtome (i.e. cryostat).
The sections are then stained with H&E. This
technique is used, for example, where the sur-
geon needs a tumor margin to be examined to
ensure that it has been adequately removed, or to

Fig. 2.1 Illustration of
immunohistochemistry
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confirm a diagnosis of cancer intraoperatively
[31, 32]. The diagnosis should ideally be con-
veyed to the clinician within 20 min after receipt
of the tissue within the pathology laboratory,
termed “the turnaround time” [33]. Despite the
speed of the procedure, one major disadvantage
of the frozen section technique is that “freezing
artifacts” are frequently seen which can obscure
tissue morphology and cellular detail. Examples
of freezing artifacts seen, include nuclear ice
crystals, bubbles, vacuolated cytoplasm, nuclear
chromatin changes, tissue cracking, etc. There-
fore, this method is only used when an urgent
intraoperative diagnosis is needed.

2.7 Tissue Microarray
Construction
and Evaluation

The tissue microarray (TMA) construction pro-
cess [34] involves a region of interest first being
identified and marked on a histology slide. This
same area is then marked on the corresponding
paraffin tissue block (i.e. the donor block) and

core biopsies are taken [35]. The cores are then
inserted into a separate paraffin block (i.e. the
recipient block) [36] in a precisely spaced, array
pattern. This process is repeated multiple times
where finally, one paraffin block is made up of
hundreds of tissue core biopsies from many
donor blocks (Fig. 2.3). Simultaneous analysis of
molecular targets at the DNA, mRNA, and pro-
tein levels can then be performed under identical
conditions. Epidemiologists, histopathologists,
and researchers can subsequently analyze data
following quantitative digital image analysis
[37]. Therefore, the development of TMA tech-
nology has allowed the efficient study hundreds
of different tissue samples concurrently [38] and
is an invaluable research tool.

2.8 Microscopes, Automated
Imaging, and Digital
Software

Many different microscopes are available today,
each of which have varied applications and
modifications that contribute to their usefulness

Fig. 2.2 Illustration of
in situ hybridization
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(Table 2.3). The upright microscope is the most
common configuration and has binocular eye-
pieces, high power compound objective lenses,
and a precision sample stage [39]. In contrast, an
inverted microscope is essentially an upside-
down, upright microscope. As brightfield and
fluorescence microscopy are the most frequent
types performed in histology labs, only these will
be introduced in this chapter.

Brightfield microscopy is performed using a
light microscope with a light source commonly
projecting from the back of the microscope. This
light travels upwards from beneath, projects

through the field diaphragm and condenser lens
beneath the stage, up through the histology slide
containing tissue, into the objective lens, and
finally up to the camera and/or eyepiece. A sim-
plistic illustration of this light path is shown in
Fig. 2.4. The fluorescence microscope is similar
to the conventional brightfield microscope with
added features to enhance its capabilities [39].
While the conventional microscope uses visible
light (*400–700 nm), the fluorescence micro-
scope uses much higher intensity light source
that causes excitation of fluorophores (i.e. the
excitation light). The light is absorbed by the

Fig. 2.3 Tissue microarray construction

Table 2.3 Classification, type, light source, and function of various microscopes

Classification Microscope type Light
source

Description

Optical Light microscope (or
“compound”)

Visible
light

This is the most commonly used microscope with strong
magnifying power, used for the study of cells,
chromosomes, and DNA

Dissecting
microscope (or
“stereoscope”)

Visible
light

This contains lenses in different angles that provides 3D
viewing, used for forensics, fine repair, microsurgery

Fluorescence
microscope

UV light This is a special type of light microscope where, instead of
light reflection and absorption it uses UV light to view cells

Digital microscope Visible
light

This makes use of the optical lens and charge-coupled
device (CCD) sensors to magnify objects and includes a
camera for high quality recording

Electron Transmission
electron microscope
(TEM)

Electron
beam

This microscope is used for studying cells and
microorganisms and can produce images as small as 1 nm
in size

Scanning electron
microscope (SEM)

Electron
beam

This is less powerful than the TEM but can provide 3D
viewing of objects and is used for studying cells and small
particles of matter
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fluorophores, which causes them to emit a
longer, lower energy wavelength light. This
fluorescent light (i.e. the emission light) can be
separated with filters designed for that specific
wavelength. In the fluorescence microscope
(Fig. 2.4), the light initially travels to a filter
cube. Inside the filter cube it passes through an
excitation filter to a dichroic mirror (or beam-
splitter), which sends light down through the
objective lens and onto the histology slide con-
taining tissue. The emitted fluorescence from the
specimen then travels back up through the
objective lens, into the filter cube, through the
dichroic mirror and through an emission filter.
From here it continues traveling upwards toward
the camera and/or eyepiece and can be recorded
or viewed [39].

Modern digital pathology combines the power
of the microscope with electronic detection and
advanced computerized analysis and is now
progressively replacing previously subjective,
semiquantitative manual scoring with precise
quantification of protein expression [40]. A sen-
sor is used to obtain an image, which is then
displayed on a computer monitor using charge-
coupled device technology. Automated scanning
can also be performed using a robotic loader.
Associated imaging software packages for both
brightfield and fluorescence purposes provide

complex algorithms for quantitation of
immunostaining. Tissue can be automatically
segmented into gland or stromal targets and cells
can also be segmented into nuclei and cytoplasm
using various algorithms. This allows the trans-
lation of extent and intensity of immunostaining
into a continuous variable, more amenable to
large-scale bioinformatics analyses.

2.9 The Normal Human Cell and its
Components

The human cell is the basic structural and func-
tional unit of the body and its main compart-
ments are the nucleus and the cytoplasm, which
are completely separate entities that work toge-
ther to keep the cell functioning [41]. Histolog-
ically, the nucleus, nucleolus, and cytoplasm can
easily be distinguished on routine H&E. Anti-
bodies can also be used to selectively stain the
nucleus, cytoplasm, or cytoplasmic membrane
also, depending on the target of interest. While
the structures within the nucleus and cytoplasm
cannot be seen using routine microscopy, their
functions are introduced briefly, as knowledge of
this basic information is imperative for an
understanding of the topics discussed in forth-
coming chapters.

Fig. 2.4 Light paths of
brightfield and fluorescence
microscopes
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2.9.1 The Cytoplasm and its
Organelles

The cytoplasm surrounds the cell nucleus and is
surrounded by a plasma membrane, which sepa-
rates the interior of the cell from the outside
environment. This membrane is selectively per-
meable and controls the movement of substances
in and out of the cell. The cytoplasm is made
largely of cytosol fluid containing multiple orga-
nelles (“little organs”) suspended within it that
carry out specific directions of the nucleus. These
organelles include mitochondria, endoplasmic
reticula, the Golgi apparatus, vacuoles, and lyso-
somes (Fig. 2.5) among others. Mitochondria
function to produce most of the cell’s energy in the
form of adenosine triphosphate (ATP) [42] and are
also involved in processes such as cell signaling
[43], cellular differentiation [44], cell growth [45],
cell cycle control [46], and cell death [47]. There
are two types of endoplasmic reticula, the rough
endoplasmic reticulum (RER) and the smooth
endoplasmic reticulum (SER) [48]. The SER is
involved in lipid metabolism [49], carbohydrate
metabolism, and detoxification, while the RER
contains ribosomes on the surface where active
protein synthesis occurs [50, 51]. The Golgi
apparatus concentrates and packages proteins
from the RER inside the cytoplasm prior to being
transferred to their appropriate destinations [52].
Vacuoles are involved in the storage and intra-
cellular digestion of molecules and lysosomes
contain enzymes responsible for the breakdown
of proteins, nucleic acid, carbohydrates, lipids,
cellular debris, and foreign organisms [53].

2.9.2 The Nucleus and Gene
Expression

The nucleus is the largest organelle found in
human cells and is surrounded by a nuclear
envelope with nuclear pore complexes that allow
material to move in and out [54]. It contains
genetic information in the form of DNA. DNA is
a complex molecule consisting of two antiparal-
lel strands of nucleotide bases, each with a
backbone of sugar (deoxyribose) molecules
linked together by phosphate groups [55]. Each
sugar molecule is linked to a base, which is
attached by hydrogen bonds to a base on the
other strand in a complementary fashion so that
adenine (A) bonds with thymine (T) and guanine
(G) bonds with cytosine (C) [56]. DNA is orga-
nized into highly compact, regular units called
chromosomes. Within the nucleus is a structure
called the nucleolus, which contains RNA,
ribosomal proteins, and functions as the site of
ribosome synthesis. RNA differs from DNA in
that RNA molecules are single-stranded, the
backbone sugar is ribose, and it contains uracil
(U) in place of thymine [57].

Human genetic testing has made significant
advances in the past decade [58]. The identifi-
cation of certain sequences in order to diagnose
genetic diseases can be done by performing
sequencing on a blood sample, fresh tissue, or
paraffin embedded tissue. DNA sequencing [59]
is the process of determining the nucleotide order
of DNA fragment. As mRNA is generated by
transcription from DNA, reverse transcription
must be performed (using a reverse transcriptase
enzyme) for RNA sequencing [60]. Following
this, complementary DNA (cDNA) fragments are
generated, PCR amplification executed, a library
created, and sequencing performed comparing
results to a reference genome.

2.10 Basic Histology of Normal
Tissues

“Tissues” refer to groups of similar cells per-
forming similar functions (e.g. cardiac myocytes).
“Organs” refer to groups of tissues (e.g. the heart)Fig. 2.5 The human cell and its components
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and “organ systems” include groups of organs
that function together (e.g. the cardiovascular
system). Tissue is composed of various cells
together with a surrounding extracellular matrix
(ECM). There are four fundamental tissue types
including epithelia, connective tissue, muscle and
nervous tissue, each of which will be introduced
separately below.

2.10.1 Epithelia

Epithelial cells are generally classified as “cov-
ering and lining epithelia” which are found lining
the cavities of the body and surfaces of structures,
or as “glandular (or secretory) epithelia” [41].
Glands refer to single cells or groups of cells that
secrete protein, mucus, or lipid. This includes
“endocrine glands” which secrete into extracel-
lular spaces (i.e. secrete internally) and “exocrine
glands” which secrete into ducts (i.e. secrete into
the external environment). Epithelial cells can
also be classified based on the number of cell
layers present and the shape of the cells in the top
layer (Fig. 2.6). Epithelial tissue can, therefore,
be one cell thick (i.e. simple epithelium), or two
or more cells thick (i.e. stratified epithelium) [61].
There are three basic cell shapes based on
microscopic appearance, including squamous
(flat and wide), columnar (tall), and cuboidal
(cube shaped) cells. Consequently, by describing
the number of cell layers and the surface cell
shape the different forms of epithelia can easily be
classified. In some cases a third feature, namely
specialization of the cell surface, e.g., kera-
tinization [62] or the presence of cilia [63], is
included. Stratified squamous epithelium that is
exposed directly to the environment (e.g. the
skin), can show keratinization (i.e. a layer of dead
cells is present on the surface), while those that
are not directly exposed (e.g. the oral cavity) are
only partially keratinized or nonkeratinized. The
presence of cilia (i.e. hair-like motile processes) is
another specialization seen in simple columnar
epithelium present on the surface of these cells.
This surface adaptation helps propel substances
along, e.g., the airways contain cilia to propel
mucus.

Cells of epithelial tissues are usually tightly
packed together and form a continuous sheet or a
solid aggregation of cells. They lack intracellular
spaces and are united by several types of junc-
tional specializations [64] (i.e. tight junctions
[65], desmosomes [66], hemidesmosomes [67]
etc.). Therefore, epithelia have only one free
surface (i.e. apical surface), which is exposed at
the body surface or at the lumen of a duct, tube,
or vessel. The lower surface of an epithelium (i.e.
basal surface) [68] rests on an underlying base-
ment membrane, which is a thin sheet of collagen
and glycoproteins, which acts as both a scaffold
and a selectively permeable membrane allowing
water and small molecules through [69].

Two special categories of epithelium are
pseudostratified and transitional epithelium [41].
Pseudostratified columnar epithelium is so called,
because of an apparent stratification, however, all
of the cells are attached to the basement mem-
brane (Fig. 2.6). Therefore, it is really simple
epithelium, despite giving the impression of
stratification. Transitional epithelium (or urothe-
lium) is stratified epithelium lining the walls of
the urinary tract. The term refers to the fact that it
may appear as stratified cuboidal to squamous in
appearance depending on the extent of bladder
distention. Specific names are also given to
epithelium in certain locations. Endothelium is a
term given to simple epithelium lining blood
vessels (vascular endothelial cells) [70] or
lymphatics (lymphatic endothelial cells) [71].
Mesothelium is a name given simple squamous
epithelium lining the major body cavities [72], for
example, the peritoneal epithelium lining the
abdominal organs [73].

2.10.2 Connective Tissues

Connective tissues form a scaffold that epithelial
tissues lie on, and nerve and muscle tissues are
embedded. They are classified as connective tis-
sue proper and specialized connective tissues,
including adipose tissue, cartilage, bone, and
blood (Fig. 2.7). All connective tissues are char-
acterized by various individual cells scattered
within an extracellular space filled with an ECM
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[41]. Variations in the composition of the ECM
determine the properties of the connective tissue.
In general, the ECM comprises ground substance
and various fibers (i.e. collagen, reticular or
elastic fibers) woven into a network. Ground
substance supports the connective tissue cells,
binds them together, and permits the diffusion of
nutrients and other dissolved substances between
capillaries and cells. There are many known types
of collagens, with type I being the most abundant.
Histologically, collagen appears as irregular,
wavy fibers arranged singly or in small groups.
Reticular fibers are very fine fibrils consisting of

another type of collagen (type III). They are
usually not visible using routine H&E, but can be
demonstrated using special stains (e.g. reticulin)
[22]. Like reticular fibers, elastic fibers [74]
require special stains to be visualized also (e.g.
elastin). Once stained, elastic fibers appear as
fine, dark, undulating fibers within the tissue.

The principle cells in connective tissue proper
include fibroblasts that secrete collagen fibers
and ground substance [75], together with mac-
rophages, mast cells, and adipocytes among
others. Fibroblasts have elongated nuclei with a
moderate amount of cytoplasm that tapers at the

Fig. 2.6 Illustration of
epithelial cell types
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ends under the microscope. They are usually
found alone and contain an elliptical nucleus
showing finely stippled (i.e. “dot-like”) chro-
matin and one or two nucleoli. Macrophages are
large, round cells, with vesicular nuclei [76]. In
some cases, a brown pigment is seen within
them, which is the result of lysosomal action on
ingested red blood cells. Mast cells are small,
ovoid cells with spherical, eccentric nuclei, and
basophilic granules [77]. In adipocyte cells, the
nucleus appears flattened with the cytoplasm
forming a very narrow rim around a large central
lipid droplet. During routine preparation of his-
tological slides fat is dissolved, therefore, the
adipocytes actually appear empty. When adipo-
cytes are seen in large numbers, the tissue is
referred to as adipose tissue.

There are three types of cartilage tissues that
differ in the type of fibers they contain within the
ECM. These include hyaline, fibrocartilage, and
elastic cartilage, with hyaline being the most
abundant type. Histologically, hyaline cartilage
has a basophilic appearance on H&E. Chondro-
cytes (cartilage cells) produce the matrix of car-
tilage and are seen within lacunae (i.e. matrix
cavities), singly or in clusters of 2–8 cells. These
groups are called isogenous groups and are
derived by mitosis from a single chondrocyte. In

contrast, the principle cells in bone tissue are
osteoblasts, osteocytes, and osteoclasts. The
osteoblast is involved in bone deposition at the
bone surface and secretes the matrix of bone (i.e.
osteoid), which becomes calcified following
deposition [78]. As they are trapped within the
ECM, they become osteocytes [79]. The osteo-
cytes are located in lacunae and fine channels
(canaliculi) containing osteocyte cell processes,
connecting lacunae to each other. The third cell
type, the osteoclast, is associated with bone
resorption [80] and does this by secreting
enzymes that acidify the matrix. These are large,
multinucleated cells with a ruffled border histo-
logically. In order to be able to visualize bone
tissue, the specimen is usually placed in a
decalcifying solution (e.g. formic acid) [81],
which removes calcified material so that good
quality paraffin sections can be prepared that will
preserve the microscopic elements.

Blood is traditionally classified as a special-
ized form of connective tissue, even though it has
a different function in comparison to other con-
nective tissue types. It has a highly fluid ground
substance (i.e. plasma), which comprises mainly
water together with salts, proteins, nutrients,
hormones, and waste material. The cellular
component of blood is produced by the bone

Fig. 2.7 Illustration of
connective tissue cell types
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marrow in a process termed hematopoiesis [82].
These hematopoietic cells are derived from
multipotent hematopoietic stem cells. Following
division, the resulting daughter cells (myeloid or
lymphoid progenitor cells) can commit to alter-
native differentiation pathways depending on
growth factors involved. Finally, blood cells are
divided into three lineages including the ery-
throid lineage (reticulocytes and erythrocytes),
the lymphoid lineage (T cells, B cells [83] and
natural killer cells [84]) and the myeloid lineage
(granulocytes [85, 86], megakaryocytes [87], and
macrophages [88]). Table 2.4 lists the histologic
description and function of various hematopoi-
etic cells, and their basic structures are also
illustrated in Fig. 2.7.

2.10.3 Muscles

Muscles are responsible for maintaining posture,
locomotion, and movement of the internal organs
(e.g. contraction of the heart). Three kinds of
muscle tissues are found in different organs of the
body, including skeletal muscle, cardiac muscle,
and smooth muscle (Fig. 2.8). Skeletal muscle
generally forms the muscles attached to bones
and by contracting, these muscles move joints.
Cardiac muscle (myocardium) forms the mass of
the heart. Smooth muscle is a component of the
walls of many hollow organs within the body,
such as the digestive tract. By contracting,
smooth muscle propels the contents along the
tube it surrounds (e.g. the intestine), or regulates

Table 2.4 Histologic description and function of hematopoietic cells

Cell type Histologic description Function of hematopoietic cell

Erythrocyte Flat or oval-shaped cell with no nucleus Responsible for the transportation of oxygen in
the body

Neutrophil Multilobated nucleus, often with 3–5 lobes Involved in the acute inflammatory response

Eosinophil Eosinophilic granular cytoplasm and a
bilobed nucleus

Associated with the allergic response and
parasitic infections

Basophil Basophilic granular cytoplasm and a bilobed
nucleus

Responsible for allergic response by releasing
histamine

Monocyte Large cell, with a large, indented
(“kidney-bean” shape) nucleus and abundant
cytoplasm

Precursors for tissue macrophages, which
engulf and digest foreign microorganisms, dead
cells, or debris (i.e. phagocytosis)

Lymphocyte Small, round cell with a deeply staining
spherical nucleus surrounded by a thin rim
of basophilic cytoplasm

Precursors of natural killer cells, B and T
lymphocytes involved in the acute
inflammatory response. B cells further
differentiate into plasma cells

Megakaryocyte Large cell, with a large pale multilobated
nucleus and abundant cytoplasm

Precursors of thrombocytes (or platelets)
formed by budding from megakaryocytes and
contribute to hemostasis

Fig. 2.8 Illustration of
three kinds of muscle tissue
cell types
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the amount of fluid flowing through it (e.g. the
blood vessels). Skeletal and cardiac muscle is
referred to as “striated” muscle as they show light
and dark bands when viewed under the micro-
scope. Smooth muscle cells do not have visible
striations, however, they do contain the same
contractile proteins arranged in a different pat-
tern. While muscles are conventionally classified
based on morphology (i.e. striated or smooth
muscle), they can also be classified based on
function (i.e. voluntary or involuntary muscle).
Histologically, muscle tissue cells (myocytes)
are elongated and spindle-shaped with little
intervening extracellular material. Smooth mus-
cle and cardiac muscle myocytes contain one
nucleus, while skeletal muscle is multinucleate.
The unusual microstructure of myocytes has
lead to the use of specialized terminology,
including the sarcolemma (plasma membrane),
the sarcoplasm (cytoplasm), the sarcoplasmic
reticulum (endoplasmic reticulum), and sarco-
somes (mitochondria).

2.10.4 Neural Tissues

The nervous system is divided anatomically into
the central nervous system (CNS) and the
peripheral nervous system (PNS). The CNS
consists structurally of the brain (within the

skull) and the spinal cord (within the vertebral
canal), while the PNS is composed of nerves (i.e.
cranial nerves from the brain and spinal nerves
from the spinal cord) and ganglia (i.e. nerve cell
clusters). Neurons (nerve cells) are specialized
cells that respond to stimuli and conduct elec-
trical impulses to and from all body organs. All
neurons have the same basic structure consisting
of the cell body (soma) containing the nucleus,
cytoplasm and organelles, and nerve processes
that conduct the signals [89]. Nerve processes
include the axon, which carries signals away
from the cell body, and dendrites, which carry
signals toward the cell body. There are three
basic shapes to neurons, bipolar (i.e. consisting
of a single axon and single dendrite), pseu-
dounipolar (i.e. consisting of a single axon with a
central and a peripheral branch), and multipolar
(i.e. consisting of a single axon and numerous
dendrites), illustrated in Fig. 2.9. There are four
types of supporting cells (or central neuroglia) in
the CNS, including oligodendrocytes [90],
microglia [91], astrocytes [92], and ependymal
cells [93]. In contrast, the Schwann cell is the
principle supporting cell in the PNS (or periph-
eral neuroglia) [94]. The oligodendrocyte or
Schwann cell wraps around axons of neurons to
form the myelin sheath that ensures rapid con-
duction of nerve impulses [95]. This sheath is not
continuous and gaps between neighboring cells

Fig. 2.9 Illustration of
basic neuron types
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are called nodes of Ranvier [96]. Neurons are
seen histologically as irregular or stellate in
shape and are multipolar. They have a large cell
body with a large, round, and pale (euchromatic)
nucleus and a single prominent nucleolus. The
supporting cells are quite difficult to distinguish
using routine H&E, however, and immunocyto-
chemical methods are therefore necessary to
demonstrate them adequately, e.g., glial fibrillary
acidic protein (GFAP) highlights astrocytes [97].

2.11 Summary

In summary, this chapter has introduced basic
terminology and important techniques and
instruments used in histology. This information
should be of practical use to the reader and will
help to develop and refine the body of knowledge
necessary for understanding the forthcoming
chapters.

References

1. Hall-Craggs MA, Lees WR. Fine needle biopsy:
cytology, histology or both? Gut. 1987;28(3):233–6.

2. Cibas ES, Ali SZ. NCI, thyroid FNA, state of the
science conference. The Bethesda system for report-
ing thyroid cytopathology. Am J Clin Pathol.
2009;132(5):658–65.

3. Brimo F, Vollmer RT, Case B, Aprikian A, Kas-
souf W, Auger M. Accuracy of urine cytology and the
significance of an atypical category. Am J Clin
Pathol. 2009;132(5):785–93.

4. Raitanen MP, Leppilahti M, Tuhkanen K, Forssel T,
Nylund P, Tammela T. The dilemma of suspicious
urine cytology in patients being followed for bladder
cancer. Ann Chir Gynaecol. 2001;90(4):256–9.

5. Bigner SH. Cerebrospinal fluid (CSF) cytology: cur-
rent status and diagnostic applications. J Neuropathol
Exp Neurol. 1992;51(3):235–45.

6. Massad LS, Einstein MH, Huh WK, Katki HA, Kin-
ney WK, Schiffman M, Solomon D, Wentzensen N.
2012 updated consensus guidelines for the manage-
ment of abnormal cervical cancer screening tests and
cancer precursors. Obstet Gynecol. 2013;121(4):
829–46.

7. Bell WC, Young ES, Billings PE, Grizzle WE. The
efficient operation of the surgical pathology gross
room. Biotech Histochem. 2008;83(2):71–82.

8. Huo L. A practical approach to grossing breast
specimens. Ann Diagn Pathol. 2011;15(4):291–301.

9. Elger BS, Caplan AL. Consent and anonymization in
research involving biobanks: differing terms and
norms present serious barriers to an international
framework. EMBO Rep. 2006;7(7):661–6.

10. Helgesson G, Helgesson G, Dillner J, Carlson J,
Bartram CR, Hansson MG. Ethical framework for
previously collected biobank samples. Nat Biotech-
nol. 2007;25(9):973–6.

11. Vaira V, Fedele G, Pyne S, Fasoli E, Zadra G,
Bailey D, Snyder E. Preclinical model of organotypic
culture for pharmacodynamic profiling of human
tumors. Proc Natl Acad Sci USA. 2010;107
(18):8352–6.

12. Valdes EK, Boolbol SK, Cohen JM, Feldman SM.
Intra-operative touch preparation cytology; does it
have a role in re-excision lumpectomy? Ann Surg
Oncol. 2007;14(3):1045–50.

13. Yildiz-Aktas IZ, Monaco SE, Khalbuss WE, Par-
wani AV, Jaffe TM, Pantanowitz L. Testicular touch
preparation cytology in the evaluation of male
infertility. Cytojournal. 2011;8:24.

14. Hopwood D. Fixation and fixatives: In: Bancroft JD,
Gamble M, editors. Theory and practice of histolog-
ical techniques. 5th ed. Philadelphia. Churchill Liv-
ingstone Publishers; 2002. p. 63–84.

15. Thavarajah R, Mudimbaimannar VK, Elizabeth J,
Rao UK, Ranganathan K. Chemical and physical
basics of routine formaldehyde fixation. J Oral Max-
illofac Pathol. 2012;16(3):400–5.

16. Chesnick IE, Mason JT, Leary T, Fowler C. Elevated
pressure improves the rate of formalin penetration
while preserving tissue morphology. J Cancer.
2010;1:178–83.

17. Grizzle WE. Special symposium: fixation and tissue
processing models. Biotech Histochem. 2009;84
(5):185–93.

18. Anderson G. Tissue Processing and Microtomy
including Frozen. In: Bancroft JD, Gamble M, edi-
tors. Theory and practice of histological techniques.
5th ed. Philadelphia: Churchill Livingstone Publish-
ers; 2002. p. 85–108.

19. Chan JK. The wonderful colors of the hematoxylin-
eosin stain in diagnostic surgical pathology. Int J Surg
Pathol. 2014;22(1):12–32.

20. Wilson I. The Hematoxylins and Eosin. In: Ban-
croft JD, Gamble M, editors. Theory and practice of
histological techniques. 5th ed. Philadelphia: Church-
ill Livingstone Publishers; 2002. p. 125–138.

21. Collier FC, Bretschneider AM, Dowling EA. Histo-
chemical and special stains in the routine laboratory.
J Natl Med Assoc. 1962;54:76–8.

22. Jones L. Connective tissues and stains. In: Ban-
croft JD, Gamble M, editors. Theory and practice of
histological techniques. 5th ed. Philadelphia: Church-
ill Livingstone Publishers; 2002. p. 139–162.

23. Wu RI, Mark EJ, Hunt JL. Staining for acid-fast
bacilli in surgical pathology: practice patterns and
variations. Hum Pathol. 2012;43(11):1845–51.

24. Miller K. Immunocytochemical techniques. In: Ban-
croft JD, Gamble M, editors. Theory and practice of

24 M.B. Cotter and M. Loda



histological techniques. 5th ed. Philadelphia: Church-
ill Livingstone Publishers; 2002. p. 421–464.

25. Fiore C, Bailey D, Conlon N, Wu X, Martin N,
Fiorentino M, Finn S, Fall K, Andersson SO,
Andren O, Loda M, Flavin R. Utility of multispectral
imaging in automated quantitative scoring of immuno-
histochemistry. J Clin Pathol. 2012;65(6):496–502.

26. Snyder EL, Bailey D, Shipitsin M, Polyak K,
Loda M. Identification of CD44v6(+)/CD24- breast
carcinoma cells in primary human tumors by quantum
dot-conjugated antibodies. Lab Invest. 2009;89
(8):857–66.

27. McNicol AM, Farquharson MA. In situ hybridization
and its diagnostic applications in pathology. J Pathol.
1997;182(3):250–61.

28. Hicks DG, Longoria G, Pettay J, Grogan ST,
Tubbs R. In situ hybridization in the pathology
laboratory: general principles, automation, and
emerging research applications for tissue-based stud-
ies of gene expression. J Mol Histol. 2004;35(6):
595–601.

29. Jones M. Molecular Pathology and in-situ Hybridiza-
tion. In: Bancroft JD, Gamble M, editors. Theory and
practice of histological techniques. 5th ed. Philadel-
phia: Churchill Livingstone Publishers; 2002.
p. 553–78.

30. Byers RJ, Di Vizio D. O’connell F, Tholouli E,
Levenson RM, Gossage K. Semiautomated multi-
plexed quantum dot-based in situ hybridization and
spectral deconvolution. J Mol Diagn. 2007;9(1):20–9.

31. Jaafar H. Intra-operative frozen section consultation:
concepts, applications and limitations. Malays J Med
Sci. 2006;13(1):4–12.

32. Ilvan S, Ramazanoglu R, Ulker AE, Calay Z, Bese T,
Oruc N. The accuracy of frozen section (intraopera-
tive consultation) in the diagnosis of ovarian masses.
Gynecol Oncol. 2005;97(2):395–9.

33. Novis DA, Zarbo RJ. Interinstitutional comparison of
frozen section turnaround time. A College of Amer-
ican Pathologists Q-Probes study of 32868 frozen
sections in 700 hospitals. Arch Pathol Lab Med.
1997;121(6):559–67.

34. Fowler CB, Man YG, Zhang S, O’Leary TJ,
Mason JT, Cunningham RE. Tissue microarrays:
construction and uses. Methods Mol Biol.
2011;724:23–35.

35. Packeisen J, Korsching E, Herbst H, Boecker W,
Boecker H. Demystified … tissue microarray tech-
nology. Mol Pathol. 2003;56(4):198–204.

36. Mirlacher M, Simon R. Recipient block TMA
technique. Methods Mol Biol. 2010;664:37–44.

37. Rizzardi AE, Johnson AT, Vogel RI, Pambuccian SE,
Henriksen J, Skubitz AP, Metzger GJ, Schmechel SC.
Quantitative comparison of immunohistochemical
staining measured by digital image analysis versus
pathologist visual scoring. Diagn Pathol. 2012;7:42.

38. Voduc D, Kenney C, Nielsen TO. Tissue microarrays
in clinical oncology. Semin Radiat Oncol. 2008;18
(2):89–97.

39. Bancroft J. Light Microscopy. In: Bancroft JD,
Gamble M, editors. Theory and practice of histolog-
ical techniques. 5th ed. Philadelphia: Churchill Liv-
ingstone Publishers. 2002; 43–62.

40. Chen X, Zheng B, Liu H. Optical and digital micro-
scopic imaging techniques and applications in pathol-
ogy. Anal Cell Pathol (Amst). 2011;34(1–2):5–18.

41. Mills S. Histology for pathologists. 4th ed. Philadel-
phia: Lippincott, Williams & Wilkins; 2012. p. 1328.

42. Schapira AH. Mitochondrial disease. Lancet.
2006;368(9529):70–82.

43. Tait SW, Green DR. Mitochondria and cell signalling.
J Cell Sci. 2012;125(4):807–15.

44. Mandal S, Lindgren AG, Srivastava AS, Clark AT,
Banerjee U. Mitochondrial function controls prolifer-
ation and early differentiation potential of embryonic
stem cells. Stem Cells. 2011;29(3):486–95.

45. Duchen MR. Roles of mitochondria in health and
disease. Diabetes. 2004;53(Suppl 1):96–102.

46. Antico Arciuch VG, Elguero ME, Poderoso JJ,
Carreras MC. Mitochondrial regulation of cell cycle
and proliferation. Antioxid Redox Signal. 2012;16
(10):1150–80.

47. Parsons MJ, Green DR. Mitochondria in cell death.
Essays Biochem. 2010;47:99–114.

48. Xu C, Bailly-Maitre B, Reed JC. Endoplasmic
reticulum stress: cell life and death decisions. J Clin
Invest. 2005;115(10):2656–64.

49. Fu S, Yang L, Li P, Hofmann O, Dicker L, Hide W,
Lin X, Watkins SM, Ivanov AR, Hotamisligil GS.
Aberrant lipid metabolism disrupts calcium home-
ostasis causing liver endoplasmic reticulum stress in
obesity. Nature. 2011;473(7348):528–31.

50. Ellgaard L, Helenius A. Quality control in the
endoplasmic reticulum. Nat Rev Mol Cell Biol.
2003;4(3):181–91.

51. Boelens J, Lust S, Offner F, Bracke ME, Van-
hoecke B. Review. The endoplasmic reticulum: a
target for new anticancer drugs. In Vivo. 2007;21
(2):215–26.

52. Morre DM. Role of the golgi apparatus in cellular
pathology. J Electron Microsc Tech. 1991;17(2):
200–11.

53. Cox TM, Cachon-Gonzalez MB. The cellular pathol-
ogy of lysosomal diseases. J Pathol. 2012;226
(2):241–54.

54. Chow KH, Factor RE, Ullman KS. The nuclear
envelope environment and its cancer connections. Nat
Rev Cancer. 2012;12(3):196–209.

55. Watson JD, Crick FH. Molecular structure of nucleic
acids; a structure for deoxyribose nucleic acid.
Nature. 1953;171(4356):737–8.

56. Watson JD, Crick FH. Genetical implications of the
structure of deoxyribonucleic acid. Nature. 1953;171
(4361):964–7.

57. Mortimer SA, Kidwell MA, Doudna JA. Insights into
RNA structure and function from genome-wide
studies. Nat Rev Genet. 2014;15(7):469–79.

2 Introduction to Histology 25



58. Crotwell PL, Hoyme HE. Advances in whole-genome
genetic testing: from chromosomes to microarrays.
Curr Probl Pediatr Adolesc Health Care. 2012;42
(3):47–73.

59. Boyd SD. Diagnostic applications of high-throughput
DNA sequencing. Annu Rev Pathol. 2013;8:381–410.

60. Wang Z, Gerstein M, Snyder M. RNA-Seq: a
revolutionary tool for transcriptomics. Nat Rev Genet.
2009;10(1):57–63.

61. Koster MI, Roop DR. Mechanisms regulating epithe-
lial stratification. Annu Rev Cell Dev Biol. 2007;23:
93–113.

62. Smack DP, Korge BP, James WD. Keratin and
keratinization. J Am Acad Dermatol. 1994;30(1):
85–102.

63. Klysik M. Ciliary syndromes and treatment. Pathol
Res Pract. 2008;204(2):77–88.

64. Lai-Cheong JE, Arita K, McGrath JA. Genetic
diseases of junctions. J Invest Dermatol. 2007;127
(12):2713–25.

65. Shen L, Turner JR. Role of epithelial cells in initiation
and propagation of intestinal inflammation. Eliminat-
ing the static: tight junction dynamics exposed. Am J
Physiol Gastrointest Liver Physiol. 2006;290(4):
577–82.

66. Runswick SK, Runswick SK, O’Hare MJ, Jones L,
Streuli CH, Garrod DR. Desmosomal adhesion reg-
ulates epithelial morphogenesis and cell positioning.
Nat Cell Biol. 2001;3(9):823–30.

67. Borradori L, Sonnenberg A. Structure and function of
hemidesmosomes: more than simple adhesion com-
plexes. J Invest Dermatol. 1999;112(4):411–8.

68. Martin-Belmonte F, Perez-Moreno M. Epithelial cell
polarity, stem cells and cancer. Nat Rev Cancer.
2012;12(1):23–38.

69. Martin GR, Rohrbach DH, Terranova VP, Liotta LA.
Structure, function, and pathology of basement
membranes. Monogr Pathol. 1983;24:16–30.

70. Sumpio BE, Riley JT, Dardik A. Cells in focus:
endothelial cell. Int J Biochem Cell Biol. 2002;34
(12):1508–12.

71. Ji RC. Characteristics of lymphatic endothelial cells
in physiological and pathological conditions. Histol
Histopathol. 2005;20(1):155–75.

72. Mutsaers SE. The mesothelial cell. Int J Biochem Cell
Biol. 2004;36(1):9–16.

73. Daya D, McCaughey WT. Pathology of the peri-
toneum: a review of selected topics. Semin Diagn
Pathol. 1991;8(4):277–89.

74. Christiano AM, Uitto J. Molecular pathology of the
elastic fibers. J Invest Dermatol. 1994;103(5 Suppl):
53–7.

75. Quan TE, Cowper S, Wu SP, Bockenstedt LK,
Bucala R. Circulating fibrocytes: collagen-secreting
cells of the peripheral blood. Int J Biochem Cell Biol.
2004;36(4):598–606.

76. Wynn TA, Chawla A, Pollard JW. Macrophage
biology in development, homeostasis and disease.
Nature. 2013;496(7446):445–55.

77. Kalesnikoff J, Galli SJ. New developments in mast
cell biology. Nat Immunol. 2008;9(11):1215–23.

78. Neve A, Corrado A, Cantatore FP. Osteoblast phys-
iology in normal and pathological conditions. Cell
Tissue Res. 2011;343(2):289–302.

79. Neve A, Corrado A, Cantatore FP. Osteocytes: central
conductors of bone biology in normal and patholog-
ical conditions. Acta Physiol (Oxf). 2012;204(3):
317–30.

80. Blair HC, Athanasou NA. Recent advances in osteo-
clast biology and pathological bone resorption. Histol
Histopathol. 2004;19(1):189–99.

81. Lillie RD. Studies on the decalcification of Bone.
Am J Pathol. 1944;20(2):291–6.

82. Smith JN, Calvi LM. Concise review: Current
concepts in bone marrow microenvironmental regu-
lation of hematopoietic stem and progenitor cells.
Stem Cells. 2013;31(6):1044–50.

83. Pieper K, Grimbacher B, Eibel H. B-cell biology and
development. J Allergy Clin Immunol. 2013;131
(4):959–71.

84. Kwong YL, Chan AC, Liang RH. Natural killer cell
lymphoma/leukemia: pathology and treatment. Hema-
tol Oncol. 1997;15(2):71–9.

85. Blanchard C, Rothenberg ME. Biology of the
eosinophil. Adv Immunol. 2009;101:81–121.

86. Amulic B, Cazalet C, Hayes GL, Metzler KD,
Zychlinsky A. Neutrophil function: from mechanisms
to disease. Annu Rev Immunol. 2012;30:459–89.

87. Wickrema A, Crispino JD. Erythroid and megakary-
ocytic transformation. Oncogene. 2007;26(47):
6803–15.

88. Ginhoux F, Jung S. Monocytes and macrophages:
developmental pathways and tissue homeostasis. Nat
Rev Immunol. 2014;14(6):392–404.

89. Brini M, Calì T, Ottolini D, Carafoli E. Neuronal
calcium signaling: function and dysfunction. Cell Mol
Life Sci. 2014;71(15):2787–814.

90. Morrison BM, Lee Y, Rothstein JD. Oligodendroglia:
metabolic supporters of axons. Trends Cell Biol.
2013;23(12):644–51.

91. Garden GA, Moller T. Microglia biology in health
and disease. J Neuroimmune Pharmacol. 2006;
1(2):127–37.

92. Sofroniew MV, Vinters HV. Astrocytes: biology and
pathology. Acta Neuropathol. 2010;119(1):7–35.

93. Del Bigio MR. Ependymal cells: biology and pathol-
ogy. Acta Neuropathol. 2010;119(1):55–73.

94. Kidd GJ, Ohno N, Trapp BD. Biology of Schwann
cells. Handb Clin Neurol. 2013;115:55–79.

95. Aggarwal S, Yurlova L, Simons M. Central nervous
system myelin: structure, synthesis and assembly.
Trends Cell Biol. 2011;21(10):585–93.

96. Arancibia-Carcamo IL, Attwell D. The node of
Ranvier in CNS pathology. Acta Neuropathol.
2014;128(2):161–75.

97. Yung WK, Luna M, Borit A. Vimentin and glial
fibrillary acidic protein in human brain tumors.
J Neurooncol. 1985;3(1):35–8.

26 M.B. Cotter and M. Loda



3Introduction to Pathology

Maura Bríd Cotter and Massimo Loda

3.1 Introduction to Pathology

The term “pathology” comes from the Greek
words pathos (suffering/disease) and—logia
(science/study) and refers to the scientific study
of disease. This includes everything from the
causes (etiology) of disease, the underlying
mechanisms (pathogenesis), the cellular, molec-
ular, and genetic changes, and the clinical man-
ifestations (signs and symptoms) of disease.
Pathology is performed by examination of
human tissues, bodily fluids, organs, and in some
cases, whole bodies (i.e., autopsy examina-
tion). Pathologists are medical specialists that
have the knowledge necessary to understand the
changes seen in cells, in order to come to a
diagnosis to guide patient therapy. We begin this
chapter by introducing the normal formation of
tissues, organ systems, and germ layer deriva-
tives, before moving on to the pathological
changes seen in cells and tissues as a response to
cellular adaptation, and the characteristics of
neoplasia.

3.2 Formation of Tissues
and Organ Systems

The basic structure, components, and function of
a normal cell and the four major cell groups
(tissues) have been described in Chap. 2. Here
we describe the formation of these tissues and the
development of organ systems.

The entire body evolves following human
fertilization of one single cell (or fertilized ovum)
[1]. This cell undergoes multiple divisions to
eventually produce a hollow cluster of cells
called a blastocyst approximately one week fol-
lowing fertilization. The outer layer of the blas-
tocyst (i.e., trophoblast) implants into the
endometrium and eventually produces the pla-
centa and other structures that support the
developing embryo [1]. The inner cell mass gives
rise to the embryonic body. The region of
embryonic development within the inner cell
mass (i.e., embryonic shield) consists of two
epithelial layers, an ectoderm (or outer layer),
and an endoderm (or inner layer) [1, 2]. At a
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region called the primitive streak, superficial
cells migrate between these two layers forming
an intermediate layer called mesoderm [1, 2]. All
three germ layers participate in formation of the
organs and organ systems.

3.3 Germ Layer Derivatives

The three germ layers are roughly equivalent to the
position of structures in the fully formed human
body, with ectoderm forming external structures,
mesoderm forming central connective structures,
and endoderm forming internal organs [1]. Each
germ layer differentiates to give rise to specific
tissues and while many organs are described as
developing from one germ layer (e.g., the large
bowel from endoderm), their accompanying
structures develop from the other two layers (e.g.,
the colonic muscular wall from mesoderm and
nervous innervation from ectoderm). Therefore
the three germ layers actually interact with and

complement each other. Examples of specific tis-
sues derived from each germ layer are described
below and illustrated in Fig. 3.1.

3.3.1 Ectoderm

Ectoderm produces the epidermis of the skin and
its appendages (i.e., hair follicles and sebaceous
glands), the cornea and lens of the eye and the
epithelial linings of the mouth, nasal cavity,
salivary glands, and anal canal. Portions of the
skull, teeth, and the adrenal medulla are also
derived from ectoderm together with the nervous
system (including the hypothalamus, pituitary,
and pineal gland) [1, 2].

3.3.2 Mesoderm

The mesoderm layer forms the lining of the
pericardial, pleural, and peritoneal cavities and

Fig. 3.1 Formation of tissues and germ layer derivatives
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produces the musculoskeletal, cardiovascular,
and lymphatic systems. The adrenal cortex,
spleen, kidneys, reproductive organs and dermis
of the skin also develop from this layer [1, 2].

3.3.3 Endoderm

This inner layer producesmost of the epitheliumof
the gastrointestinal tract and its organs (i.e., liver,
gallbladder, and pancreas), the lining of the res-
piratory system (i.e., trachea, bronchi, and alveoli)
the bladder and portions of the urethra. The thy-
mus gland, thyroid gland, and parathyroid glands
also develop from the endoderm layer [1, 2].

3.4 Cellular Adaptation
and Death

Cells constantly adapt within a narrow range of
physiological parameters so that internal condi-
tions remain relatively constant. This is referred
to as cellular “homeostasis” [3]. Cells are capable
of making changes in response to unfavorable
environmental changes (i.e., injury) in an attempt
to maintain this internal stability, which may be
physiological (or normal) or pathological (or
abnormal) changes [4]. The most common types
of cellular adaptation include cell atrophy,
hypertrophy, hyperplasia, and metaplasia and are
illustrated in Fig. 3.2.

Fig. 3.2 Reversible cell injury and cellular adaptation
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3.4.1 Atrophy

Atrophy is the reduction in size of cells in response
to cell injury [5]. It results from decreased protein
synthesis and increased protein degradationwithin
the cells. Atrophy of various cells and organs is
normal at certain points in the human life cycle. An
example of atrophy as part of normal development
includes the involution of the thymus gland in
early childhood. Examples of pathologic causes of
atrophy include atrophying muscle diseases (e.g.,
muscular dystrophy [6] or myotonic dystrophy
[7]) characterized byprogressivemuscleweakness
over time resulting in functional disability [6, 7].

3.4.2 Hypertrophy and Hyperplasia

Hypertrophy refers to an increase in volume of
an organ or tissue due to the enlargement of cell
size. There is no increase in cell number.
Hypertrophy should be distinguished from
hyperplasia where cells remain approximately
the same size but increase in number, although
both can occur simultaneously. In hypertrophy,
cells are enlarged by an increased amount of
structural proteins and organelles. This can be
both physiologic or pathologic due to increased
functional requirements. A physiological exam-
ple of hypertrophy is increased muscle size in
response to normal exercise [8, 9] (e.g., lifting
weights), whereas a pathologic example would
include cardiac enlargement as a result of
hypertension [10, 11]. An example of a normal
hyperplastic response on the other hand, is the
normal proliferation of glandular epithelium in
the breast as a response to pregnancy [12].
A pathologic example of hyperplasia would
include endometrial hyperplasia as a result of
unopposed estrogen [13], a risk factor for
endometrial carcinoma [14].

3.4.3 Metaplasia

The definition of metaplasia is the change of a
cell from one cell type to another cell type. This

occurs when the original cell type is unable to
withstand new environmental stress and changes
into another phenotype more suited to the new
environment. Metaplasia is usually reversible
once the cause of environmental stress is
removed. An example of metaplasia is intestinal
metaplasia, whereby the change in cell type
resembles that found in the intestine (i.e.,
intestinalized columnar epithelium with goblet
cells). When intestinal metaplasia occurs in the
esophagus [15] (normally lined by squamous
mucosa), it is referred to as “Barrett’s esophagus”
[16]. This diagnosis is clinically important as
these patients are at risk of developing esopha-
geal adenocarcinoma [17], and therefore it is
considered to be a premalignant condition.

3.4.4 Cell Death: Necrosis
and Apoptosis

If the injury to the cell is too severe (i.e., irre-
versible injury), the affected cells are no longer
able to adapt to stress and subsequently die [18].
There are two main types of cell death, necrosis
[19], and apoptosis [20]. These differ in their
roles in disease and in their mechanisms [18] and
are compared in Fig. 3.3. Cellular necrosis is
caused by factors outside the cell (e.g., infection,
toxins, or trauma) that result in the unregulated
breakdown of the cell’s internal components.
When the damage to a cell’s plasma membrane is
severe, enzymes leak from lysosomes into the
cytoplasm and cause autolysis [21]. The leakage
of cellular contents through the damaged cell
membrane prompts a host reaction (i.e., an
inflammatory response). In contrast, apoptosis
(or programmed cell death) is a targeted cause of
cellular demise [22] where activated enzymes
degrade the internal contents of the cell.
Although the plasma membrane remains intact, it
becomes altered so that it fragments into apop-
totic bodies which ultimately become phagocy-
tosed by host immune cells [23]. In this form of
cellular death an inflammatory response is not
elicited [20].

30 M.B. Cotter and M. Loda



3.5 Dysplasia and Carcinoma In
Situ

Dysplasia is the abnormal growth or develop-
ment of cells where the cells are structurally
changed in shape, size, and appearance from the
original cell type. The tissue becomes disordered
in appearance under the microscope, often with
an increase in the number of immature cells.
Dysplasia is often a precursor to tumor formation
(or neoplasia) [24–26] and the chances of
development into a carcinoma rise with worsen-
ing degrees of dysplasia. Low grade cervical
dysplasia usually does not usually evolve into
cervical carcinoma for example, whereas high
grade dysplasia usually does [27, 28]. High
grade, or full thickness dysplasia is often referred
to as “carcinoma in situ” and refers to neoplastic
cells within the normal boundaries of the tissue
of origin (i.e., neoplastic cells do not migrate
beyond the basement membrane). This is often
abbreviated as CIS and some refer it as
“pre-cancer” or “non-invasive cancer” [29]. In

contrast, invasive carcinoma refers to when
neoplastic cells have moved beyond the base-
ment membrane layer [30] and therefore have the
potential to spread to other areas within the body.
The progression from normal epithelium to
invasive carcinoma is illustrated in Fig. 3.4.

3.6 Neoplasia

Neoplasia is the process of tumor formation
resulting in a neoplasm (or tumor). Tumors are
classified as either benign or malignant based on
their pathology and known clinical behaviors [5].
It is very important for a histopathologist to be
able to distinguish between a benign and a
malignant tumor, as the treatment required is
usually very different. Certain long-established
histological features indicate innocence while
other features indicate malignancy, therefore the
distinction between the two tumor classifications
is made with remarkable accuracy. Histopatho-
logic features assessed include evaluation of
architectural (i.e., the arrangement of cells) and

Fig. 3.3 Cellular death: necrosis and apoptosis
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cytological characteristics (i.e., the nuclear and
cytoplasmic features) of the tissue under exami-
nation. The normal architecture of an organ
involves standard relationships between specific
groups of cells. In neoplastic growth, the rela-
tionships between cells are significantly dis-
torted. The architecture of neoplastic cells in
comparison to normal cells is not orderly and
many layers of cells are arranged in irregular
patterns. Various malignancies show particular
altered architectural growth patterns also, for
example, a “papillary” (or finger-like) growth
pattern in thyroid carcinoma [31, 32] in com-
parison to normal thyroid follicles lined by a
single layer of cuboidal epithelium [33]. Other
histological patterns of growth are listed in
Table 3.1.

Neoplastic cells are also distinguished from
normal cells by a loss of “cellular differentiation”
[4, 5]. Differentiation refers to how different the

tumor cells are from the cells from which they
originated. If neoplastic cells are almost like
normal cells they are said to be “well differenti-
ated.” In contrast, if they are very unlike normal
cells they are referred to as “poorly differenti-
ated.” In pathology, tumor grade is a measure of
cellular differentiation [34] where low grade
tumors are well differentiated, high grade tumors
are poorly differentiated and intermediate grade
tumors are intermediate between these two. Each
type of cancer is graded using a different system,
e.g., the Gleason grading system [35, 36] for
prostate carcinoma or the Nottingham grading
system [37, 38] for breast cancer.

The cytological changes seen in tumors
include increased variations in cellular and
nuclear size and shape (or pleomorphism) com-
pared to corresponding normal cells, large
hyperchromatic (i.e., stain more deeply baso-
philic) nuclei containing coarse, irregular

Table 3.1 Histological patterns of growth

Histological
pattern

Description

Papillary “Finger-like” projections lined by neoplastic cells with central fibrovascular cores

Cribriform Clusters of neoplastic cells with sharply punched out round spaces, described as “swiss
cheese-like”

Solid Sheets of multiple neoplastic cells together with little intervening stroma

Nested Small solid groups or “nests” of neoplastic cells which cluster together

Infiltrative Neoplastic cells growing in single-file and intersecting into surrounding structures

Rosettes Neoplastic cells growing circumferentially around a lumen forming a “halo-like” or
“spoke-wheel” shape

Whorls Neoplastic cells sweeping and swirling in different directions

Fascicular Bundles of neoplastic cells intersecting at right angles to each other

Fig. 3.4 Progression from normal epithelium to invasive carcinoma
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chromatin, increased nuclear to cytoplasmic
ratios, large nucleoli, and a high rate of cell
division according to the number of cells with the
nucleus showing the characteristic pattern of
separating chromosomes (or mitotic figures [39]).

3.6.1 Benign Tumors

Benign lesions refer to non-cancerous, localized
tumors, which do not have the capacity to spread
to other sites and are generally amenable to
surgical removal. These tumors are named by the
cell type from which they originate, followed by
the suffix “-oma.” An example is a “lipoma”
[40], a benign tumor of fat cells (or lipocytes)
[41]. Other examples of benign tumors are listed
in Table 3.2. Benign tumors tend to be histo-
logically and cytologically similar to their tissues
of origin (i.e., they are well differentiated).
However, the gross structure of a benign tumor
may stray from the normal and assume papillary
or polypoid configurations, for example, in
squamous papillomas of the skin [42] in

comparison to the flat epidermal layer of normal
skin [33]. Once excised, benign tumors do not
tend to recur or spread to distant sites.

3.6.2 Malignant Tumors

Malignant lesions are cancers which show
aggressive behavior including invasion into and
destruction of adjacent tissues. These tumors can
also recur if incompletely excised and also have
the capacity to spread to other sites. There are
two general pathologic categories including
“carcinomas” derived from epithelial cells (i.e.,
from endodermal or ectodermal layers) or “sar-
comas” of mesenchymal origin (i.e., from the
mesodermal layer). Lymphomas and leukemias
are a separate category of malignancies that arise
from hematopoietic cells. Malignant lesions are
further defined by their tissue of origin (i.e.,
prostatic [43]). Some examples of malignant
tumors are listed in Table 3.2. Malignant neo-
plasms exhibit malignant cytologic features,
disorganized growth patterns, abundant mitotic

Table 3.2 Examples of
benign and malignant
neoplasms and relationship
to cell of origin

Neoplasm

Cell
origin

Cell type Benign Malignant

Ectoderm Skin cells Nevus Malignant melanoma

Nerve cells Neurofibroma Neurofibrosarcoma

Mesoderm Fat cells Lipoma Liposarcoma

Cartilage cells Chondroma Chondrosarcoma

Bone Osteoma Osteogenic sarcoma

Blood vessels Hemangioma Angiosarcoma

Lymph vessels Lymphangioma Lymphangiosarcoma

Smooth muscle Leiomyoma Leiomyosarcoma

Striated muscle Rhabdomyoma Rhabdomyosarcoma

Hematopoietic
cells

NA Lymphoma/leukemia

Endoderm Colonic cells Adenoma Adenocarcinoma

Liver cells Liver cell
adenoma

Hepatocellular
carcinoma
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figures, and arrangements around blood vessels.
Malignant tumors often outgrow their blood
supply and show ischemic necrosis. The rate of
growth of malignant lesions usually correlates
inversely with their level of differentiation.

3.7 Important Biological
Characteristics of Solid
Tumors

Tumors are believed to be acquired through a
multistep process involving genetic alterations
which result in the loss of function of genes
which normally inhibit cell growth (i.e., tumor
suppressor genes) [44], increased activation of
genes that stimulate proliferation (i.e., oncoge-
nes) [45] or alteration of the function of genes
involved in DNA repair [46]. Genes can be
mutated in several different ways including
altered arrangement of chromosomes (or rear-
rangement) [47] resulting in translocations [48],
insertions [49], deletions or duplications [47],

which may lead to subsequent gene activation or
inactivation. Mutations are seen in many impor-
tant regulatory pathways including genes that
activate and deactivate carcinogens and those
that govern the cell cycle, cell senescence (or
aging), apoptosis, angiogenesis (or new blood
vessel formation), cell signaling, and cellular
differentiation to name a few.

3.7.1 Proliferative Activity

The normal human cell cycle involves a complex
system of signaling pathways that a cell under-
goes in order to copy itself precisely [50]. As
illustrated in Fig. 3.5, the normal human cell
cycle is divided into four phases: the first growth
phase (G1), the DNA synthesis phase (S), the
second growth phase (G2), and mitosis (i.e., the
cellular division phase) (M). The cycle is
checked at three main checkpoints: the G1/S
checkpoint, the G2/M checkpoint, and the M
checkpoint [50]. If a cell reaches a checkpoint

Fig. 3.5 The normal
human cell cycle
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and damage is detected, the cell cycle ceases for
a time. During this time, the cell has the oppor-
tunity to repair the DNA damage using various
DNA repair genes and resume cycling [51]. If
this repair is not successful, the cell is then
triggered into apoptosis. In contrast, in the tumor
cell cycle [50, 52], neoplastic cells may undergo
multiple consecutive cycles of mitosis [53] or
they may leave the cell cycle, remain dormant for
a period and reenter the cycle with the appro-
priate stimulus.

Proto-oncogenes and tumor suppressor genes
are important components of the cell cycle
involved in checkpoint control. Firstly, proto-
oncogenes (e.g., RAS [54], MYC [55], CDK
[56], etc.) encode components of cellular prolif-
eration within the cell cycle including growth
factors, receptors, signaling enzymes, and tran-
scription factors. Oncogenes arise from the
mutation or increased expression of proto-
oncogenes [57] and disrupt the cell’s normal
signaling pathway allowing for uncontrolled cell
proliferation. In contrast, tumor suppressor genes
(e.g., TP53 [58], PTEN [59], etc.) are a family of
genes that instruct cells to produce proteins that
inhibit cell growth within the cell cycle. The loss
of these proteins allows a cell to grow and divide
in an uncontrolled manner [60]. Finally, DNA
repair genes are also essential components of the
cell cycle and code for proteins whose normal
function is to correct errors that arise during DNA
duplication. There are multiple DNA repair genes
and various pathways including base excision
repair (BER) [61], nucleotide excision repair
(NER) [62], homologous recombination (HR) re-
pair [63], and mismatch repair (MMR) [64].
Mutations in DNA repair genes involved in these
pathways can lead to a failure in DNA repair,
which in turn allows subsequent mutations to
accumulate. An example is a hereditary mutation
of MMR genes (i.e., Lynch syndrome) [65]
leading to a high lifetime risk of colonic carci-
noma [66] and other cancers.

3.7.2 Tumor Stroma

In general, neoplasms are composed of two main
components, the tumor parenchyma (i.e., the
main tumor mass composed of proliferating
tumor cells) and the tumor stroma (i.e., the
microenvironment around the tumor). In addition
to all the molecular changes that occur within a
cancer cell, the tumor stroma is thought to also
undergo alterations [67] and contribute both to
tumorigenesis and resistance to chemotherapeu-
tic agents. Stroma consists of a supportive
framework, which includes the basement mem-
brane, fibroblasts, inflammatory cells, vascular
cells, and the extracellular matrix (ECM) [68].
Fibroblasts represent the principal cellular stro-
mal component [69]. Normal fibroblasts are
usually inactive within the ECM. Once they are
recruited and activated around the tumor cells,
they are referred to as cancer-associated fibrob-
lasts (CAFs) [70] or tumor-associated fibroblasts
and have different activity (e.g., higher prolifer-
ative activity) in comparison to normal fibrob-
lasts. Some authors report that tumor cells are
thought to cause the proliferation of CAFs and
secretion of collagen (i.e., the reactive stroma
hypothesis). Others believe that tumor cells
dedifferentiate into CAFs and then secrete col-
lagens (i.e., the tumor-induced change hypothe-
sis). Under the microscope, this distinctive
fibrous response (or desmoplastic reaction) can
vary from a very dense hyalinised stroma with a
minimal cellular infiltrate to a predominantly
cellular stroma with little collagenous tissue.
Certain malignancies are known to have a more
pronounced desmoplastic reaction (e.g., breast
cancer [71] or pancreatic cancer [72]) than others
(e.g., colon cancer).

Angiogenesis is another important feature of
cancer progression [73]. It begins when neo-
plastic cells secrete molecules (e.g., VEGF) [74]
into the surrounding stroma activating vascular
endothelial cells, which in turn produce enzymes
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(matrix metalloproteinases) to breakdown the
ECM. This permits migration and division into
networks of blood vessels. Multiple proteins
have been identified as angiogenic activators [73]
including VEGF, FGF, TGF beta, EGF, PDGF,
etc. For many years, researchers have concen-
trated on the malignant tumor cells as the main
target of cancer therapy with the majority of
chemotherapeutics either selectively killing
tumor cells (cytotoxic) or restricting tumor
growth. In recent years, however, the tumor
stroma is now being pursued as an anti-cancer
target itself [75]. Consequently, stromal mole-
cules are being targeted by inhibitors, e.g., CAF
inhibitors [76] (e.g., PDGF receptor inhibitors
[77] like Dasatinib [78]) or angiogenesis inhibi-
tors [79] (e.g., VEGF receptor inhibitors [80, 81]
like Bevacizumab [82]).

3.7.3 Tumor Tissue Heterogeneity

Intratumoral heterogeneity (i.e., coexistence of
distinct clones within a tumor) has been the
subject of much debate. Authors have shown that
tumor subclones may differ from the original
clone in various characteristics [83], for example
in invasiveness [84], in metastatic potential [85],
and in response to chemotherapy [86]. Also it is
thought that primary and metastatic lesions can
also be genetically distinct [87, 88], which again
may affect patient therapeutic options. Two
concepts have been proposed as causes for tumor
phenotypic heterogeneity, “the clonal evolution
theory” (or “the conventional cancer theory”)
[83] and “the cancer stem cell theory” [89].
Simplistic illustrations comparing each of these
theories are outlined in Fig. 3.6. The

Fig. 3.6 The two main theories behind tumor phenotypic heterogeneity
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conventional cancer theory proposes that any
cancer cell within a tumor can accumulate
mutations and initiate tumor growth. In this
multistep theory, a series of clonal expansions
occurs, each of which is triggered by the acqui-
sition of further mutations allowing mutant clone
to expand [83]. In contrast, the stem cell theory
suggests that among all cancerous cells within a
tumor, only a subset of cells act as stem cells
[89]. Normal stem cells are cells that can repro-
duce themselves and give rise to other kinds of
cells. Cancer stem cells (CSC) are therefore
cancerous cells that possess the same character-
istics as are associated with normal stem cells.
Research has shown that cancerous cells within a
tumor may, therefore, not all be the same, in that
some may be CSCs while others may be
non-CSCs [90, 91].

Intratumor heterogeneity can also involve
other cell types (i.e., inflammatory cells, fibrob-
lasts, vascular endothelial cells, smooth muscle
cells, and the ECM) together with the tumor
cells. This can have profound clinical implica-
tions for disease progression, diagnosis, and
therapeutic responses. Tumor core biopsies
sample only small regions of tissue and therefore,
as a researcher or histopathologist, adequate
sampling of different tumor regions to suffi-
ciently show intratumor clonal heterogeneity is a
challenge.

3.7.4 Epithelial-Mesenchymal
Transition

Epithelial cells and mesenchymal cells differ
greatly in phenotype as well as in function.
Epithelial cells are closely connected to each
other by tight junctions, have polarity, and are
bound by a basal lamina at their basal surface.
Mesenchymal cells, on the other hand, lack
polarization, have a spindle-shaped morphology
and interact with each other through focal points.
Epithelial cells express high levels of trans-
membrane proteins involved in cell–cell adhe-
sion (E-cadherin [92, 93]) whereas mesenchymal
cells express different proteins (e.g., fibronectin
or vimentin). Epithelial–mesenchymal transition

(EMT) is the process by which epithelial cells are
believed to lose their normal epithelial “traits”
(e.g., polarity [94] and cell–cell adhesion [95])
and gain the migratory and invasive properties of
mesenchymal cells [96]. The EMT process is
known to be essential for numerous develop-
mental processes including the formation of the
mesodermal germ layer (i.e., Type I EMT). EMT
has also been shown to occur in relation to nor-
mal processes such as fibrosis and wound healing
(i.e., Type II EMT) and in the initiation of
metastasis for cancer progression (i.e., Type III
EMT).

In regard to metastases, EMT is thought to
occur where carcinoma cells in primary tumors
lose their cell–cell adhesion (mediated by loss of
E-cadherin), break through the basement mem-
brane and enter the bloodstream. Later, when
these circulating tumor cells exit the bloodstream
to form metastases, they undergo mesenchymal–
epithelial transition (MET) for clonal outgrowth
at these metastatic sites [97]. It is, therefore,
believed by some authors that EMT and MET
form the initiation and completion of the inva-
sion–metastasis process of tumors [97, 98]. Loss
of E-cadherin expression has been documented
in many malignancies [99, 100] for example,
invasive lobular breast carcinoma is negative for
E-cadherin [101–103] by immunohistochemical
testing. The role of EMT in metastases remains
controversial, however, as while a large body of
the literature is available in studies involving cell
lines and animal models, little is available from
studies involving human tumor samples. EMT in
tumor cells is a transient process [104], therefore,
once invasion by the metastatic cell has occurred,
its mesenchymal features disappear. The hetero-
geneity of tumors, as mentioned previously, also
makes it difficult to distinguish tumor cells that
have undergone EMT, from stromal cells that
show a mesenchymal phenotype (e.g., using
standard EMT markers such as vimentin) [105,
106]. Some authors also argue that distant
metastases originating from a variety of primary
carcinomas, show an epithelial phenotype histo-
logically, raising the possibility that tumor cells
may disseminate without switching to a mes-
enchymal phenotype [107]. In addition, the
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finding of circulating tumor cells (i.e., tumor
cells found within the bloodstream) in clusters/
glandular forms (rather than singly) [108] raises
the possibility that cells within these groups
may not undergo loss of cell–cell adhesion and
may be protected from a loss of basement
membrane attachment. Finally, histological
features of some tumors, such as paradoxical
differentiation seen in invasive cervical carci-
noma (i.e., where invasive tongues of tumor
show less pleomorphism than the surface tumor)
[109], loss of E-cadherin expression in lobular
carcinoma in situ [110] or the expression of
vimentin in localized renal cell carcinoma [111],
are all examples challenging EMT as a theory for
cancer metastases.

3.8 Stage of Disease

Once cancer has been diagnosed, the extent to
which the cancer has spread must be assessed.
This process is termed cancer staging and fea-
tures such as tumor size, depth of invasion,
lymph node status, and the presence or absence
of metastases are examined. The tumor being
examined is assigned a stage based on the results
of these features. A number from I to IV is
generally assigned, with I corresponding to an
isolated cancer and IV corresponding to a tumor
that has metastasized. Stage has prognostic sig-
nificance where lower stage tumors are associ-
ated with longer patient survival and vice versa.
Many staging systems are available, including
the Ann Arbor staging classification [112, 113]
commonly used to stage lymphomas, or the
FIGO (International Federation of Gynecology
and Obstetrics) staging system [114, 115] used to
stage gynecological cancers. Additionally, most
childhood cancers are staged using the staging
criteria of the Children’s Oncology Group
(COG) [116], which conducts pediatric clinical
trials worldwide.

The “TNM” system is one of the most widely
used cancer staging systems and was developed
by the American Joint Committee on Cancer
(AJCC) and also used by the Union for Interna-
tional Cancer Control (UICC). It is based on

three key features: the size of the primary tumor
(T), whether the tumor has spread to nearby
lymph nodes (N), and whether metastases
(M) are present. Each tumor type has their own
staging system based on multiple research results
and clinical trial results. Clinical stage (indicated
by “c”) is based on all of the available informa-
tion obtained prior to surgical excision (e.g.,
physical examination, radiological results, etc.).
Pathologic stage (represented by “p”) includes
information gathered following histological
examination (e.g., margin status, tumor type,
etc.). Because they use different criteria, clinical
stage and pathologic stage often differ, however,
at the same time complement each other.

3.9 Summary

In summary, pathology is an important medical
discipline that requires an in-depth knowledge
not only of normal tissues but also of diseased
tissues. In this chapter, everything from the
beginning of cell fertilization to the final process
of tumor staging has been discussed. The reader
should now be better able to understand basic
pathological terms mentioned in the forthcoming
chapters or can return to this chapter and use it as
a reference guide.
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4Basic Techniques in Molecular
Pathology

Matthew D. Stachler

4.1 Introduction

Molecular pathology is a rapidly changing field.
Whatwas cutting edge four orfive years ago is now
considered outdated. Many new molecular tech-
niques are focused around the general technology
of massively parallel sequencing (MPS) (or
so-called “next generation sequencing”). While
this chapter will go over several more traditional
techniques, it will pay particular attention to MPS
as it presents several unique challenges. With
modern highly multiplex technologies, whether
one is planning on analyzing DNA, RNA, or pro-
teins; a huge amount of data is often generated.
While this can lead to many new discoveries, the
sheer amount of data can be overwhelming for
someone not used to dealing with these kinds of
datasets.Due to this, it is oftennecessary toperform
this kind of research in a collaborative setting.
Working in a group where one is a computational
expert and someone else ismoreknowledgeable on
the actual biology of what is being studied can be a
very successful and rewarding strategy. This
chapter is intended to be an introduction to several
commonlyusedmolecular techniques (focusingon
MPS) and will go into significant detail covering

the requirements and tissue selection criteria for
these tests.

4.2 Material (Tissue) Selection

Molecular analysis requires the input of nucleic
acid (or protein), which must come from some
kind of source. While this may seem like the
simplest part of molecular pathology, in reality it
is by far the most important aspect. Without a
precise knowledge of what exactly is being tes-
ted, it is impossible to interpret and know the
biological significance of any results. In general,
molecular pathology usually deals with human
tissue samples, however, this is not always the
case. Available sources of nucleic acid can usu-
ally be broken down into several categories.
These include, but are not necessarily limited to:
cell culture cells, tissue, or body fluids. When
dealing with human tissue it is generally acquired
either as fresh tissue or formalin-fixed and
paraffin-embedded (FFPE) tissue. As explained
later in the chapter, the process of purifying
nucleic acid from FFPE material introduces a
couple of complicating factors.

A major emphasis of molecular pathology
focuses on cancer. Molecular analysis of tumor
samples introduces another complicating factor,
tumor cell percentage. Any solid tumor is com-
posed of a varying degree of neoplastic cells,
inflammatory cells, and stromal cells (Fig. 4.1).
When analyzing a tumor, one is usually only
interested in a specific cellular component. For
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example, if trying to determine if a colon cancer
sample contains a mutation in the KRAS gene,
one is only interested in looking at the neoplastic
cells and not the associated inflammatory cells or
stromal fibroblasts. It is important to have a gen-
eral idea of what percentage of the tumor sample is
actually comprised of these neoplastic cells. If the
percentage of neoplastic cells is too small, it will
be increasingly difficult to find a somatic mutation
as it will be drowned out by the DNA of the
non-neoplastic cells. The lower the tumor cell
percentage the lower the percentage of a variant
allele will be. For example, if a heterozygous
mutation is present in a tumor that contains 30 %
neoplastic cells only 15 % of the total DNA will
contain that mutation (assuming the tumor has a
normal diploid content). Different assays have a
different level of minimum tumor percentage
required for accurate detection of the mutant
allele. While newer techniques like MPS and
digital droplet pcr generally have a better (able to
detect a lower allele fractions) detection than tra-
ditional methods such as Sanger sequencing,
when initially performing an assay it is important
to perform validation testing to determine the limit
of detection as this will be highly dependent on
how the assay is set up and ran.

4.2.1 Cell Culture

Purifying nucleic acid from cells grown in tissue
culture is straightforward and will provide high
quality, unfragmented DNA or RNA (assuming
cells are not fixed in formalin). In addition, since
cells are usually grown as a pure cell line, the
percentage of DNA actually coming from the
cells of interest should be 100 % assuming no
others cells contaminating the culture. The diffi-
culty in using nucleic acid from cell culture
revolves more around having a thorough
knowledge of what cells are actually growing in
the culture. As older cell lines have undergone
many passages and have been shared from lab-
oratory to laboratory, it is not always certain that
the cell line being used is actually the right one.
A study in 2008 reported that 23 % of the cell
lines tested had discrepant TP53 mutations [1].
Therefore, it is suggested to confirm the molec-
ular traits of cell lines before they are used in
crucial experiments [2, 3]. In addition to cell mix
up, every time a cell replicates there is a chance
for a mutation to occur. With some cell lines
having been passaged for decades, there is a high
likelihood that the cell lines of today contain
many more alterations than they originally did.

Fig. 4.1 Hematoxylin and
eosin (H&E) picture of a
tumor showing neoplastic,
inflammatory, and stromal
cells. H&E stained section
of a tumor showing
neoplastic cells (arrow
head), inflammatory cells
(double arrow head), and
stromal cells (arrow) that
compromise the typical
tumor environment
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4.2.2 Direct Human Samples

4.2.2.1 Fluids
Body fluids can often be a good source for human
nucleic acid as they are often easier to access than
solid tissues and require less invasive techniques
to sample. Blood, more specifically the white
blood cells within blood, can serve as a high
quality source for germline DNA. Drawing a
small tube of blood is easily performed in the
clinic or outpatient setting and requires little
equipment. It should be noted, however, that
certain blood tubes may contain anti-clotting
agents that can inhibit molecular analysis. It is
generally recommended to use tubes containing
ethylenediamine tetra acetic acid (EDTA) as an
anticoagulant and to avoid tubes containing hep-
arin as it is an inhibitor of many enzymes used in
molecular analysis [4]. In addition to germline
DNA, in the setting of leukemias, myelodysplastic
syndrome, or now even circulating tumor cells
from solid tumors, blood can also serve as a good
source for somatic studies. Saliva, commercially
available mouth rinses, and cheek swabs can also
serve as a source of germline DNA. While these
are often even easier to obtain than fresh blood,
they can sometimes suffer from degradation and
bacterial contamination [5–7]. The acquisition of
nucleic acid from tumors can often be obtained
from ascites or pleural effusions, often taken for
therapeutic reasons from patients with cancer.
However, a disadvantage in relation to these
sample types is that the cells can suffer from
varying degrees of degradation. Regardless of the
source offluid, if the intent is to obtain nucleic acid
from tumor cells it is important for the fluid to also
undergo cytologic analysis so it is known what
cells are actually being captured.

4.2.2.2 Tissue

Fresh/Frozen Tissue
Fresh tissue will usually provide high quality
DNA since it is not subjected to the crosslinking
formalin causes, however, nucleic acid must be
isolated from it quickly, or the tissue needs to be
preserved. Typically, to store fresh tissue it is
frozen in either a cutting media such as optimum

cutting temperature (OTC) compound or snap
frozen. OTC allows for the cutting of frozen
section slides, which can be used for histological
analysis and for nucleic acid purification. Freez-
ing fresh tissue allows for the long-term storage
of high quality nucleic acid. Fresh tissue is typ-
ically taken at the time of surgery, requiring
protocols in place to quickly select and freeze the
tissue. Due to the need for clinical pathologic
analysis, the amount of tissue that can be taken
for molecular analysis is often limited, especially
if not for clinical testing. This tissue is usually
selected by gross examination only, which can
lead to missing the desired tissue. Therefore, it is
recommended to always confirm the type of tis-
sue through histologic analysis.

Formalin-Fixed Paraffin-Embedded Tissue
The typical workflow for any pathology depart-
ment involves receiving specimens, performing a
gross examination/description, and then preparing
the specimen for histologic analysis., as described
in Chap. 2. As formalin fixation and paraffin
embedding of tissue is a standard procedure, there
is a wealth of archived material in almost all
pathology departments. FFPE tissue has several
advantages over fresh frozen tissue that make it so
widely used. These include being able to store
blocks at room temperature and proving better
histology. Formalin fixes tissue by forming
cross-links between proteins, DNA, and RNA.
Unfortunately, the purification of nucleic acid
from FFPE material causes shearing of the nucleic
acid. This is a major drawback and can limit the
ability to use FFPEmaterial in molecular analysis,
depending on how long of nucleic acid fragments
are needed for testing. Figure 4.2a shows an
agarose gel of DNA purified from both fresh fro-
zen and FFPE tissue. The large smears in the FFPE
columns show sheared DNA of varying lengths,
when in comparison, the fresh frozen column has a
large band of DNA at the top of the gel indicating
large-sized DNA. Figure 4.2b shows an RNA
electropherogram showing the size of RNA frag-
ments from fresh and FFPE tissue. The FFPE
RNA sample is predominately composed of small
fragments, when in contrast, in the fresh sample,
one can see large 18S and 28S ribosomal RNA
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(rRNA) peaks. Despite these issues, FFPE tissue
can often be used for a variety of testing [8].

Other Fixatives Used in Pathology
There are several other fixatives apart from for-
malin that can be sometimes used in pathology
departments. Alcohol fixation (with either ethanol
or methanol) will provide higher quality DNA and
RNA than formalin. Bouin’sfixative or solution is a
combination of formalin, picric acid, and acetic
acid.While it provides excellent histology, the acid

component degrades nucleic acid making most
Bouin’s-fixed tissue unusable for molecular anal-
ysis. The same is true for many of the acid-based
decalcification solutions used in pathology [9].

4.3 Nucleic Acid Purification

Following specimen collection and storage,
whether fresh frozen or FFPE, the material to use
for nucleic acid purification must be selected.

(a) (b)

Fig. 4.2 Comparison of fresh and formalin-fixed
paraffin-embedded (FFPE) nucleic acid quality.
a Agorose gel of FFPE and fresh DNA showing a
degraded smear for FFPE and a large band for fresh DNA.

b Agilent bioanalyzer electropherograms showing the size
of FFPE and fresh RNA showing degraded low-sized
fragments of FFPE RNA compared to RNA from fresh
tissue with large 18S and 28S rRNA peaks
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Depending on how much material is available
and how that material was stored, this process
may need the assistance of a pathologist to
review slides and select the appropriate area.
Knowing that tumors can be very heterogeneous
with widely varying amounts of actual tumor
cells, it is important to think about proper
material selection and isolation.

4.3.1 Type of Tissue Isolation

The least accurate, but usually the easiest way to
get nucleic acid is to isolate it from a bulk piece
of tissue. This is usually performed on frozen
tissue, which can be pulverized and digested. The
major drawback of using this technique is the
lack of histological correlation and therefore, one
does not know the amount of tumor in the
sample.

Isolating nucleic acid by coring tissue blocks
allows for fairly accurate selection of material
when there are paired slides for histological
analysis. It is also fairly fast and easy, as extra
slides do not need to be made and scraped. When
using a paired slide to select the areas to core,
one is only visualizing the tissue in two dimen-
sions (x and y-axis), while coring takes a lot of
material vertically from the tissue block (z-axis).
Therefore, it is a bit uncertain how much the
tissue will change as one goes deeper into the
block.

Macrodissection is possibly a more accurate
method of obtaining the desired tissue. In this
method, a series of sections are cut from a block
and the first and last slide are mounted and
stained for histological analysis. Using these two
slides one can circle the area of interest to be
dissected. Then, using a razor blade the region
corresponding to the circled area can be scraped
off the unstained slides for nucleic acid isolation.
This technique allows for good localization and
requires no special equipment. However, having
to cut and scrape slides is time consuming and
requires more resources than the methods men-
tioned above.

By far the most accurate method for tissue
selection and isolation is laser capture

microdissection. This technique is similar to
macrodissection, except instead of scraping the
unstained slides, the slides are stained, visualized
under a microscope, and a special instrument is
used to cut out the desired tissue [10]. The laser
capture microdissection instrument consists of a
microscope, slide scanner, and laser dissector.
The operator marks the area to be dissected by
direct visualization of a digital histological
image. A laser then is used to cut out and grab
the selected tissue. As a result, this technique
allows for much finer areas to be dissected, even
down to a single cell in some instances [11]. The
major drawbacks to this method, however, are
that it is time consuming and requires an
expensive piece of specialized equipment.

No matter which technique is used to isolate
nucleic acid, it is imperative to have some form
of histological analysis. As new molecular tech-
niques generate massive amounts of data, one
must know what type of tissue the data is being
generated on.

4.4 Analysis

There are an ever-growing number of molecular
techniques used to analyze DNA and RNA. It is
impossible to cover all of them in a single
chapter. Therefore, this chapter will focus on the
general technique of MPS or so-called
“next-generation sequencing” (NGS) and a few
other techniques that are often used in a molec-
ular pathology laboratory.

4.4.1 Focused Analytical Techniques

4.4.1.1 Quantitative Real-Time
Polymerase Chain
Reaction

Quantitative real-time polymerase chain reaction
(qPCR) utilizes a traditional PCR reaction with
the addition of a reporter probe (Fig. 4.3) [12].
The reporter probe has both a fluorescent reporter
and a quencher with a sequence of complimen-
tary nucleic acid for binding. Due to the close
proximity of the reporter and quencher, no
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fluorescence is seen. As the PCR primers get
extended and approach the reporter probe, the 5′–
3′ exonuclease activity of the Taq polymerase
degrades the bound probe, releasing the

fluorescent marker. The fluorescent marker can
then be detected since it is no longer in close
proximity to the quencher. Like the name of the
technique suggests, qPCR can be used to

Fluorogenic probe Quencher

Forward
primer

Reverse
primer

Taq
polymerase

Taq exonuclease

3’
5’

(a)

3’
5’

R Q

Forward
primer

Reverse
primer

3’
5’

(b)

3’
5’

R
Q

Forward
primer

Reverse
primer

3’
5’

(c)

3’
5’

R

Q

Forward
primer

Reverse
primer

3’
5’

(d)

3’
5’

R Q

Fig. 4.3 Real-time PCR. a A nucleic acid probe that
contains a fluorescent marker and quencher is bound to
template DNA along with PCR primers. b Taq poly-
merase extends the PCR primer until it reaches the bound
probe. c Taq exonuclease activity then cleaves the bound

probe releasing the fluorescent marker. d Since the
fluorescent marker is no longer in close proximity to the
quencher, its fluorescence can be detected allowing
detection and quantification
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quantify the amount of DNA. The more DNA is
present, the more reporter probe is bound and
thus more fluorescence is detected once the
marker is released. A variation of this technique
is reverse transcription (RT) qPCR. This method
can be used to quantify the amount of an RNA
transcript. For this, messenger RNA is purified
and undergoes a RT step to form complementary
DNA (cDNA) before the qPCR is performed.
One example of a typical use of this technique is
quantifying the amount of cDNA to determine
titers of nonhuman RNA/DNA (e.g., viral) within
a human sample [13]. The results can either be
compared to a set of standards to determine the
absolute amount of the pathogenic DNA or more
commonly when analyzing human DNA and
with RTqPCR, the DNA or mRNA amount is
compared to an internal standard. In this way, the
results can be reported as a ratio of the specific
nucleic acid to the standard. These results can
then easily be compared with other samples. For
expression analysis, this internal standard is
usually a common (or housekeeper) gene with a
known, relatively constant expression. In addi-
tion to the above-mentioned uses, qPCR can also
be used for the detection of a PCR product
similar to standard PCR except the analyte is
detected in “real time” so a detection method
such as running the DNA out on a gel is not
needed.

4.4.1.2 Mutation-Specific PCR
Mutation-specific PCR uses primers in the PCR
reaction that are specific for a certain single
nucleotide pleomorphism (SNP), or variant. In
this reaction, the primer is designed so that it will
only extend if the nucleotide being interrogated
matches the primer (Fig. 4.4). There are multiple
ways in which the primer can be designed to
achieve this, however, one of the most common
is to make the 3′ most nucleotide the SNP. Even
if all of the other nucleotides match and the
primer binds, the primer cannot get extended by
the polymerase. A variant of this procedure
intentionally designs a mismatch next to the
nucleotide being interrogated. Therefore, if the
interrogated nucleotide also does not match it
will create two mismatches next to each other,

the probe cannot stay bound, and amplification
will not occur. In this technique, when designing
the primer, the base of interrogation is placed in
position-1 from the 3′ base and the intentional
mismatch is placed at-2 from the 3′ base.
Mutation-specific PCR is a fast, sensitive way to
quickly determine if a specific mutation is pre-
sent. The downside is that the alteration being
interrogated must be known in advance. Due to
the amplification of the target, mutation-specific
PCR can be a very sensitive means of detecting
rare sequence variations. However, as with any
PCR reaction the utmost care needs to be taken to
avoid contamination.

4.4.1.3 In Situ Hybridization
In situ hybridization (ISH), introduced in Chap. 2,
is a technique that can be used to detect RNA
expression or DNA copy number. There are many
variations of ISH depending on what is being
detected, the type of probe, and the detection
method. In general, it uses a nucleic acid probe to
detect DNA or RNA in situ. This is often per-
formed on touch preps, frozen section slides, or
FFPE material. The probes are designed to be
complimentary to the target sequence and are
often labeled with a fluorescent (i.e., FISH) or
chromogenic (i.e., CISH) reporter. A signal
amplification step may be utilized for increased
detection. DNA rearrangements and amplifica-
tions are typically detected with FISH (Fig. 4.5a)
while RNA is often detected by CISH (Fig. 4.5b).
For detection and quantification of the amount of

A A TG
G

C

GA A TGC

TT T ACG

CT T ACG

Fig. 4.4 Mutation-specific PCR. A PCR primer is
designed so the 3′ most position is the nucleotide to be
interrogated. a If that nucleotide does not match the
template, a DNA polymerase will not extend the primer.
b When the 3′ position matches, PCR will continue as
normal and the product can be detected
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a specific DNA or RNA, the probe is bound and
the number of markers are counted. In the clinical
setting, CISH is often used to detect Epstein-Barr
virus-encoded RNA (EBER) inside human tissue
[14]. One of the major advantages of ISH is the
fact that it can be performed on a normal tissue
slide allowing correlation with histology and
confirmation that the proper cells are being
interrogated. One of the drawbacks of ISH, sim-
ilar to PCR, is that sequences near the target must
be known. In addition, ISH is somewhat less
sensitive as compared to PCR-based tests.

4.4.2 Broad Analytical Techniques

4.4.2.1 Microarrays
Microarrays are somewhat similar to ISH in that
they utilize a nucleic acid probe designed to be
complimentary to a specific sequence, however,
microarrays do it on a massive scale. Arrays have
been designed to analyze both DNA and RNA.
For DNA they are predominately used to analyze
copy number changes, SNP sites, and loss of
heterozygosity (LOH) [15]. RNA-based arrays
are used to look at mRNA expression levels [15].
Microarrays are a fairly mature technology that
have been improved greatly over time. They
work well with not only fresh tissue/nucleic acid
but many also perform well with FFPE tissue.

The basic principle involves immobilizing
nucleic acid probes onto a known spot on a solid
surface, fragmenting the nucleic acid to be ana-
lyzed, and labeling it with a fluorescent marker.
The labeled nucleic acid is bound to the probes
and a sensitive camera detects where there is
signal. A computational algorithm then matches
up the signal to the specific probes and converts
the data into a viewable format. Originally the
probes were derived from a variety of sources,
however, now almost all are composed of syn-
thetically made oligonucleotides. Modern arrays
can contain over a million different probes. The
leading manufacturers of arrays include Affy-
metrix (Santa Clara, CA) and Agilent Tech-
nologies (Santa Clara, CA) among others.

DNA Arrays
There are two types of standard DNA microar-
rays. Array comparative genomic hybridization
(aCGH) is used to determine copy number
changes while SNP chips are used to determine
the genotype at specified loci as well as copy
number and LOH. In aCGH, the test DNA to be
analyzed is labeled with one color fluorescent
marker and a “normal” or standard DNA is
labeled with a separate fluorescent marker. Both
labeled DNAs are mixed together and bound to
the probes. The array instrument then reads the
relative amount of the different colors. If a

Fig. 4.5 In situ hybridization. a Fluorescent in situ
hybridization with ERBB2 (red) and CEP 17 (green)
showing amplification of ERBB2. b Chromogenic in situ

hybridization for epstein-barr encoding RNA. With the
assay used, positive cells are dark blue, which is all of the
cells in the picture
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greater amount of fluorescence from the test
DNA is present as compared to the standard
DNA it is read as copy number gain, whereas if
less test color fluorescence is present it is read as
a DNA copy number loss. Modern aCGH plat-
forms can contain around a million different
probes that allow for much finer detail than
previous arrays. For example, the Agilent Sur-
ePrint 3G array contains 60-mer oligonucleotide
probes covering over 900,000 unique biological
features [16]. Depending on the manufacturer,
SNP arrays use varying techniques to bind and
detect the sample DNA in an allele-specific
manner. They therefore, as an output, provide
genotyping data for each SNP that they capture.
As SNP arrays have progressed they now also
include copy number probes for areas of the
genome that do not contain common SNPs. Like
aCGH, the number of probes on SNP arrays has
greatly increased with some platforms containing
over 900,000 SNP and 900,000 copy number
probes [17]. In addition to SNP and copy number
data, SNP arrays can also give information about
copy neutral LOH. One important area of
molecular pathology where arrays are frequently
used is in pediatric developmental delay and
other disorders. In fact, it is now suggested as the
first line standard of care in working up devel-
opmental delay [18–20]. Another common use of
SNP arrays is in genome-wide association stud-
ies (GWAS) where they are used to identify
allele variants that may be associated with a
certain disorder.

RNA Expression Arrays
RNA-based expression arrays are a common
format that is frequently used in a research set-
ting to compare the level of RNA expression in
different samples. Modern expression arrays
typically use millions of oligonucleotide probes
directly synthesized or “printed” onto the solid
support. Depending on the array, the oligonu-
cleotide probes are generated to be complimen-
tary to known mRNAs or other RNA species
such as microRNAs or long noncoding RNAs.
The number and targeting location of probes for
each RNA species can also vary depending on
the array type (e.g., gene array, exon array,

transcriptome array, etc.). The general principles
of expression arrays do not differ much from
DNA-based arrays except that RNA is isolated
from the source and is used to construct a cDNA
library. With the low quality of RNA that is
extracted from FFPE material, expression arrays
were traditionally primarily used on fresh frozen
material. However, with the recent advances in
arrays specifically designed for FFPE material
and the algorithms used to analyze the data, the
use of FFPE material is now standard practice.

4.4.2.2 Sequencing
Since the original joint publication of the draft
human genome in 2001 [21, 22], there has been
an ever-increasing interest and use of sequencing
in molecular pathology. The majority of this
interest now focuses on MPS, however, tradi-
tional Sanger remains a technique that one must
be familiar with and still has its uses. The
advantage that sequencing has over many other
molecular techniques is the fact that it provides
precise information at the nucleotide level across
the region analyzed, not just at a specific point.
Another factor that has increased the use of
sequencing in research is the rapid reduction in
cost of sequencing. It is estimated that the initial
human genome project cost approximately
$2.7 billion, and now an entire genome can
easily be sequenced for under $5000 [23].

Sanger Sequencing
Sanger or traditional sequencing is a good tech-
nique to sequence one segment of a couple of
hundred base pairs and can work well with either
fresh or FFPE material. It relies on the use of a
DNA polymerase and a low concentration of
chain terminating nucleotides. A complimentary
oligonucleotide primer is designed to bind in
close proximity to the area that is to be
sequenced and a DNA polymerase reaction is set
up similar to a PCR reaction including the pri-
mer, template DNA to be sequenced, and the
standard four deoxynucleotide triphosphates
(dNTP) (e.g., dTTP, dATP, dCTP, dGTP).
However, in addition to the standard deoxynu-
cleotides, a low concentration (typically 1 %) of
individually labeled dideoxynucleotide
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triphosphates (ddNTP) are also added. The
ddNTPs can be incorporated into the extended
primer, however, another dNTP cannot be added
as the ddNTP lacks a hydroxyl group at the 3′
position. Therefore the DNA polymerase reac-
tion is terminated which gives Sanger sequencing
its other name, chain terminator sequencing. As
the ddNTPs are in a much lower concentration
than the dNTPs, they will be randomly incorpo-
rated and terminate the DNA polymerase reac-
tion at varying lengths. If each type of ddNTP
(e.g., ddTTP, ddATP, ddCTP, and ddGTP) is
differently labeled, the reaction can be run out on
capillary electrophoresis and the output can be
read (Fig. 4.6). Since Sanger sequencing will
display all base signals at a given nucleotide on
top of each other, it is important to know the
percentage of the cell population you wish to
sequence in the overall sample if one is dealing
with nonhomogeneous samples (such a human

tissue). For example, for sequencing of a
heterozygous mutation in a tumor with only
20 % tumor nuclei (not an uncommon occur-
rence), the mutated allele would only compro-
mise 10 % of the total bases/alleles at that
location. This would produce a relatively small
peak compared to the wild type peak and become
increasingly difficult to distinguish from back-
ground as the tumor percentage gets smaller. As
with other assays, if one wishes to sequence
RNA instead of DNA, RT can be used to gen-
erate DNA from the RNA and sequencing can
proceed as above.

Massively Parallel Sequencing
Massively parallel sequencing (MPS) is better
known as “next-generation sequencing” (NGS),
however, this is a misnomer because what was
originally called NGS is now outdated technol-
ogy. Currently, most systems that are used would

Fig. 4.6 Sanger sequencing analysis. Sanger trace show-
ing sequencing from forward (top) and reverse (bottom)
sequencing. Control sequence shown on very top and

bottom, with actual sequence in middle top and middle
bottom. Heterozygous A > G mutation shown at position
245 (top) and 291 (bottom)
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be considered “next, next” or “next, next, next”
generation sequencing. As one can see this could
get a bit long and confusing. Therefore, it is
much more appropriate to consider all of the
sequencing systems that align sequencing reads
together on a large scale, using the term MPS.
Whether one refers to MPS or NGS, it is a rel-
atively generic term and each company that
produces MPS equipment has their own some-
what unique system. MPS is a little different than
some other technologies as it is very dependent
on the specific manufacturer of the equipment.
Therefore, it is almost impossible to learn about
MPS without learning about several of the lead-
ing companies that produce MPS equipment.
While constantly changing, the field is currently
dominated by two companies/technologies, Illu-
mina (San Diego, CA) and Ion Torrent/Life
Technologies (Grand Island, NY). Regardless of
the technology used, all of the systems rely on
sequencing millions of short reads that are then
computationally aligned to each other and to a
reference sequence (Fig. 4.7). By performing all
of the reads in parallel it is now possible to
sequence large amounts of DNA much faster and
cheaper than sequencing each fragment of DNA
separately. In addition, by the addition of bar-
codes to each DNA sample, multiple samples can
be sequenced at once with the downstream

computational algorithms used to separate each
one. Using this technology it is now possible to
routinely detect mutations (e.g., point and
insertion/deletions), large and small copy number
variants, and even large chromosomal rear-
rangements (Fig. 4.7).

Presequencing
There are several steps that need to be performed
in order to get DNA ready for sequencing. First,
as discussed earlier in the chapter, the DNA must
be isolated and purified. While originally the
amount and quality of DNA needed for MPS
required fresh/frozen material, it is now common
practice to perform MPS on FFPE material [24].
Once the DNA is isolated and purified, it must be
fragmented into the appropriate length fragments
for further processing. There are several methods
for this including sonication, enzymatic diges-
tion, and PCR among others. The length of DNA
fragments needed will also vary depending on
the technology used and the desired read length.
While somewhat variable, typical average frag-
ment lengths are usually somewhere around 200–
1000 base pairs. The ideal fragment size will be
determined by the planned read length, technol-
ogy used, and desired results (what you are
looking for). For example, when identifying
translocations are particularly important, larger

Reference sequence

Full DNA fragment 1st sequence
read

2nd sequence
read

Aligned individual reads

Fig. 4.7 MPS read alignment. After all of the sequencing reads are created, computational algorithms are used to align
the individual reads to a reference sequence
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fragment sizes are sometimes chosen. Once the
DNA is fragmented, adapters for future binding,
amplification, and identification are ligated to
each end of the fragment. Within these adapters
can be a unique sequence of DNA used to
identify the sample in a group of pooled samples.
This is referred to as the “barcode.” After the
adapters are bound to the fragmented DNA, the
next step involves amplification of the DNA.
This step is where there is significant deviation
depending on the technology used. For
Illumina-based sequencing, “bridge amplifica-
tion” is utilized (Fig. 4.8). This process, also
called “clustering,” utilizes a flow cell, which is
covered with a lawn of two oligonucleotide
probes. One of the probes is complimentary and
thus binds to one of the adapters ligated to the
end of the DNA fragment. After binding the
processed, fragmented DNA, using the probe as a
primer, a DNA polymerase then makes a DNA
strand complimentary to the bound DNA frag-
ment. The original DNA template is then dena-
tured and washed away. The adaptor on the
non-bound end of the intact DNA fragment folds
over and binds to the second type of oligonu-
cleotide probe on the flow cell as it is comple-
mentary to it. This creates a single-stranded DNA
bridge with a bound probe/primer, which is then
used to generate the complimentary DNA strand
(i.e., identical to the original DNA but now
bound to the flow cell). The double-stranded
DNA is denatured and the process is repeated
over and over so that each fragment of DNA
forms its own cluster on the flow cell. The last
step involves cleaving off and washing away the
complimentary strands so only the original DNA
strand remains. The Ion Torrent technology uses
a bead-based amplification (emulsion PCR)
where each fragment of DNA is individually
bound to a metal bead (one fragment of DNA per
bead) [25]. That DNA fragment is then amplified
to cover the bead in copies of the single fragment
of DNA. This is done on a large scale so that
millions of beads are covered with millions of
DNA fragments. The beads are then flowed
across a chip that contains small wells so that
each bead can individual deposit in one well. At
the end of the presequencing steps, regardless of

technology, you have fragments of DNA indi-
vidually amplified and separated from other
DNA fragments in either clusters on a chip or
isolated on individual beads that rest within a
well.

Sequencing
On the Illumina platform, sequencing is initiated
by binding a sequencing primer to the adapter on
the free end of the DNA strand. Fluorescently
labeled nucleotides (with each type of nucleotide
differently labeled) that have been reversibly
modified so that the polymerase reaction is ter-
minated after it is incorporated, are added. The
complimentary nucleotide binds and is incorpo-
rated by a polymerase. After washing, the
fluorescence is read. Afterwards, the reversible
terminator is cleaved off and the process is
repeated until the desired read length is achieved.
Once finished, the entire read product is dena-
tured off and washed away. The 3′ end of the
template DNA (i.e., the non-bound end) is then
allowed to bind to the second oligo probe on the
flow cell in a similar manner to what occurred
during bridge amplification. A DNA polymerase
is then used to generate the complimentary strand
to form double-stranded DNA using the second
oligo as a primer. The double-stranded DNA is
denatured to form two single-stranded compli-
mentary strands and the original forward strand is
cleaved and washed away. The second read pri-
mer is then bound and sequencing commences as
it did during the first round (Fig. 4.8). Through
this process, both ends of the DNA fragment are
sequenced giving valuable additional information
besides just the sequencing read. If only single
end reads are desired only the forward strand is
sequenced. The Ion Torrent technology uses a
different approach. Once the beads with the
amplified fragments are dispersed in the wells,
the wells are flooded with a solution containing a
single type of nucleotide. If the nucleotide is
complimentary to the next base, it is incorporated
by a DNA polymerase. During this chemical
reaction, a single hydrogen ion is released which
slightly shifts the pH of the solution in the well.
A sensitive semiconductor at the bottom of each
well then detects this pH shift. This process is
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then repeated base after base to sequence the
desired read length (Fig. 4.9). While the maxi-
mum read length possible for each technology is
constantly changing, currently the maximum
read lengths for Illumia is around 150–250 base
pairs depending on platforms and up to 400 base
pairs with the Ion Torrent.

Post-Sequencing
Once sequencing is complete, the real difficulty
of interpreting the data begins. Post-sequencing
analysis can get extremely complicated, requires
advanced computational and statistical analysis,
and is constantly changing. Therefore, an
in-depth look into these processes is beyond the
scope of this introductory book chapter. How-
ever, as someone who is responsible for the
interpretation of the biological significance of the
molecular assays, it is important to have an
understanding of the processes involved as well
as the advantages and disadvantages of each
process used. The same is true for the type of
sequencing used or any other technique. This is
not to say one has to have expertise in compu-
tational biology and programming, just an
understanding of what is being used and an
ability to communicate with those that do. The
opposite also holds true, while most computa-
tionalists should not be expected to know all the
intricacies of the clinical significance of the
findings, a basic understanding is needed in order
to properly communicate with collaborators that
do. The sequence data initially needs to go
through a series of quality control steps so that
only high quality reads are used for further
analysis. After the quality control steps, the
sequence reads can be aligned to each other and
to a standard known sequence, as was shown in
Fig. 4.7. There are multiple aligning and calling
programs that can be used for this process
including ones provided by the companies that
manufacture the sequencers and many developed
for specific tasks by researchers throughout the
world.

Uses of Massively Parallel Sequencing
Generally speaking, MPS tests fall into three
categories. First, whole genome sequencing

(WGS), where all of the DNA is sequenced, leads
to information on all sequenceable areas of the
genome including exons, introns, and other non-
coding areas. While this type of sequencing will
provide the most information, it is a huge amount
of data, is still relatively expensive, and currently
we do not know the significance of many of the
discovered alterations in the noncoding areas of
the genome. Whole exome sequencing
(WES) attempts to take the area of the genome we
know the most about (i.e., exons) and sequence
them only. With WES, a large portion of the
usable data obtained from WGS is retained with
an overall reduction in the amount of DNA nee-
ded to be sequenced, which reduces the cost of
both sequencing and computation. Targeted
sequencing further reduces the amount of data
collected, and only a selected number of genes are
sequenced. Targeted sequencing gene panels can
be anywhere from a small handful to many hun-
dreds of genes. For any of the targeted sequencing
panels (including WES), a DNA selection step is
needed to first isolate only the DNA desired.
These selection steps can be probe (binding)
based or PCR based. Targeted sequencing pro-
vides the advantage of being the cheapest to
perform while providing data on the genes of
interest (i.e., the ones selected for the panel).

Other MPS Techniques
MPS is also used for several other techniques
including RNA-sequencing (RNA-seq) and
chromatin immunoprecipitation sequencing
(CHIP-seq). For RNA-seq, sequencing is done in
a similar manor as DNA sequencing with the
exception that RNA is isolated and either RNA
fragments or generated cDNA is sequenced.
Since the number of reads will correlate with the
number of original copies, RNA expression can
be quantified. In addition, since mature mRNA
will have removed introns, translocations that
place exons from multiple proteins can be rec-
ognized. Currently, RNA-seq works well for
fresh, high quality RNA but this technology is in
its infancy with the use of FFPE. This is largely
due to how fragmented and degraded FFPE RNA
can become. Another technique that utilizes MPS
is CHIP-seq. CHIP-seq combines chromatin
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b Fig. 4.8 Illumina seq. a Bridge amplification: two
primers are annealed onto the ends of the fragmented
DNA. The primers are designed to be complementary to
the oligos on the sequencing flow cell as well as
containing other areas such as the sample barcode.
These DNA fragments are then bound to the flow cell
oligos, where the oligo is used to generate the comple-
mentary DNA strand. After which, the original DNA is
washed away. The distal single-stranded DNA is then free
to bend over and bind to the second flow cell oligo,
allowing for priming for complementary strand synthesis.

Through this process individual clusters of DNA are
created. b Sequencing: after the reverse strands are
cleaved and washed off, a sequencing primer is bound
and fluorescently labeled nucleotides with a cleavable
chain terminator are incorporated one at a time and
fluorescence is read. Once the desired read length is
completed, the read sequence is washed off and the free
end of the DNA fragment can bind to the complementary
flow cell oligo. The complementary DNA fragment is
created and sequenced similar to the first sequencing read
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immunoprecipitation with DNA MPS to identify
the binding sites of DNA-associated proteins,
and is often used to determine where transcrip-
tion factors interact with the genome. Like
RNA-seq, this is a technology that is focused on
using DNA from fresh cells/tissue. As CHIP-seq
depends on binding between protein and DNA,
any fixative that artificially binds/cross-links
products together (for example formalin) will
complicate detection.

Conclusions
With the recent advances in both the sequencing
technology and the computational algorithms
used to analyze data, MPS is now the standard
assay used for many research and clinical tests.
Unlike many other techniques that specialize in
detecting either small local changes (i.e., Sanger
sequencing) or large chromosomal level changes
(i.e., FISH), standard DNA MPS can detect the
full range of alterations that occur (Fig. 4.10).
Getting this much information from a single
assay can be extremely powerful, however, one
must have a plan in place to not only accurately
detect these changes, but also to organize and

make sense of them all. In addition, as MPS is
indifferent to the DNA that is used for sequenc-
ing (quality not withstanding), results always
have to be carefully considered in the context of
the experiment. For example, if a tumor is sup-
posed to be sequenced but the biopsy missed the
neoplastic cells, the sequencer will still output a
DNA sequence. As stated earlier in the chapter, it
is imperative to have a good understanding of the
source of the DNA. At times, however, using the
fact that whatever DNA is present will be
sequenced can be used as an advantage. For
example, a site of infection can be sequenced to
try to identify unknown infectious organisms by
comparing the obtained sequence with known
sequences of infectious agents.

4.5 Summary

There are many molecular techniques available to
today’s researchers and clinicians. These range
from simple, fast assays that interrogate a single
area to large, complex assays that can sequence
the entire genome. It is always important to
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Fig. 4.9 Ion Torrent sequencing. A single DNA frag-
ment is bound to a bead where it is amplified to cover the
bead. The beads are then flowed onto a chip containing
small wells large enough to hold an individual bead. The
plate is then flooded with a solution containing a
polymerase and a single nucleotide. If the nucleotide is

complementary to the base on the DNA fragment it gets
incorporated, releasing a single hydrogen ion, slightly
altering Ph. Each well contains a small Ph meter that can
detect this which is registered and the base is recorded.
This process is then repeated over and over for all of the
bases
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carefully consider the desired results with what
can be realistically achieved with the given
technologies. Once a technique is selected, it is
important to set up the assay with proper valida-
tion and controls as well as careful consideration

of the input (including type, location, and quality
of the nucleic acid). Finally, many of the more
complex techniques (especially MPS) require
significant resources and generate tremendous
amounts of data. Often a single person does not
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Fig. 4.10 Uses for Massively parallel sequencing
(MPS). DNA sequencing through MPS allows the
detection of single point mutations, small insertions and

deletion mutations, copy number alterations (including
hemi/homozygous deletions and gains), translocations,
and even nonhuman DNA
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have all of the desired expertise to effectively
handle all of the requirements necessary to
properly generate and interpret this amount of
data. Therefore, collaborations between biolo-
gists, bioinformaticians, computational biolo-
gists, and others with different expertise often can
lead to very rewarding outcomes.
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5Introduction to Cancer Epidemiology

Mieke Van Hemelrijck and Lars Holmberg

5.1 What Is Epidemiology?

According to the World Health Organisation
(WHO), epidemiology is “the study of the dis-
tribution and determinants of health-related states
or events, and the application of this study to the
control of diseases and other health problems”
[1]. One of the pioneers of epidemiological
methods was John Snow (1813–1858), who was
a physician who lived and worked in London [2].
His landmark discovery was that the spread of
cholera in London was due to transmission via
water pipes connected to an infected public water
well, which he discovered through careful inter-
view and annotation of affected and unaffected
individuals during an outbreak in 1854
(Fig. 5.1). His findings had important public
health implications by impacting the waste water
systems.

The scope of epidemiology is much broader
than the study of epidemics; it also involves the
study of causal factors for all kinds of diseases,
including both acute and chronic disease states.
In cancer, epidemiology has had major public
health impacts in defining causal associations
between smoking and second hand smoke with
lung cancer, hepatitis B infections and hepato-

cellular carcinoma and exposure to aromatic
amines and bladder cancer.

To get a better understanding of epidemiology
it is important to clarify some of the terminology
and methods commonly used.

5.2 Measures of Disease
Occurrence

To study the occurrence of a disease, the fre-
quency and distribution of the events of interest
must be measured. Prevalence describes the
number of people living with a defined disease
state at a certain point in time, whereas incidence
describes how many people were diagnosed with
a defined disease state during a specified time. For
example, it is estimated that worldwide in 2012
there were 952,000 people living with stomach
cancer [2]. One can also define how many people
are still living with a defined outcome five years
post the development of this outcome. World-
wide, the five-year prevalence of stomach cancer
is estimated at 1,548,000 in 2012. In addition, the
incidence of stomach cancer was estimated to be
about 18 per 100,000 men per year in 2012
worldwide, whereas this was about 7 per 100,000
per year for women [2]. These incidences are
reported as age-standardised rates, which allow
comparisons of the incidences between different
countries or geographical areas independent of
the different age distribution in the areas.
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Mortality rates are estimated as the number of
people who died of a defined outcome during a
specified time in a population. For instance,
worldwide 13 per 100,000 men and 7 per 100,000
women died of stomach cancer in 2012 [2]. One
key attribute of mortality rates is that the
denominator is the number of individuals in the
population, rather than the number of individuals
diagnosed with the disease.

Another central measure in epidemiology is
risk, or a person’s probability of developing a
health state during a certain time period. Risk is
defined as a probability between zero and one
(often expressed as a percentage).

5.3 Exposure and Outcome

In addition to information about the occurrence
of disease, information about measurement of
exposures is needed to study different disease
patterns. An exposure denotes a factor that one
wants to study in relation to the incidence or the
risk of an outcome. For instance, in the case of
the cholera epidemic, Snow mapped cholera
deaths to the distribution of water from different
pumps and concluded that infected water, the
exposure, was causing cholera, the outcome.
Smoking as an exposure or risk factor for

Fig. 5.1 John Snow Pub,
Broadwick Road, London,
UK
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developing bladder cancer is another example
and would refer to the etiology of bladder cancer.

The distinction between causation and asso-
ciation is imperative in epidemiology. Using
different study designs, measurements and bio-
statistical methods, epidemiology can strictly
only study the associations between exposures
and outcomes. As can be seen from the examples
above, however, we often aim conceptually at a
study of cause and effect. David Savitz, in his
book “Interpreting Epidemiologic Evidence”,
explains this as follows: “In our epidemiological
studies we can in principle only look at statistical
associations between exposure and outcome, but
by interpreting evidence given the pros and cons
in a given study, we can make an interpretation
of whether what we have studied is causal” [3].
Detailed descriptions of epidemiological statisti-
cal methods can be found elsewhere [4].

Austin B. Hill proposed in 1965 a set of criteria
to help assess causation in biomedical research [5].
Apart from strength and consistency of the statis-
tical association, he suggested that specificity in
terms of outcome, temporality (exposure before
outcome), biological gradient, theoretical plausi-
bility, coherence between observational and
experimental evidence and analogy also play a role
in judging whether an exposure is causing an
outcome.All these criteriamay help in interpreting
evidence for causality, but none of them (except
that the exposure must precede the effect) are a
formal test of causation.

Kenneth Rothman has provided another use-
ful framework for reasoning about causation by
introducing the concept of sufficient and com-
ponent causes [6]. This concept aims to take into
account the complexity of a chain of events and
their potential interactions in study design as well
as interpretation. For instance, to understand why
some chain-smokers never get lung cancer and
others are at high risk even after only a few years
of cigarette smoking, we can move away from
measuring just the average risk in smokers by
looking at multiple putative causative factors of
those exposed to get a better understanding of the
different causative components in developing
lung cancer.

5.4 Measures of Association

Measuring the association between an exposure
and an outcome requires an estimate of the dif-
ference of disease occurrence between exposed
and non-exposed study subjects. Ratios, i.e. an
incidence rate ratio or a risk ratio, belong to the
family of relative risks (RR), while the differ-
ences between incidences or risks are referred to
as absolute differences. The relative risk is a
measure of the strength of the association
between the exposure and outcome, and thus
important when trying to understand the aetiol-
ogy of a disease. However, when the baseline
risk is low, even a seemingly important relative
risk for instance 2 (doubling of risk) or 0.5
(halving of risk) may have limited clinical or
public health impacts, when we look at the
absolute difference. To get the full picture of an
association between an exposure and an out-
come, both absolute and relative measures are
needed. For instance, in a study of radical
prostatectomy compared to watchful waiting [7],
radical prostatectomy reduced the relative risk of
dying from prostate cancer by 38 % (RR =
0.62). However, the absolute risk difference as
measured at 15 years was reduced from 21–
15 %, an absolute difference of 6 %. In this
example, one can see that the interpretation of the
strength of the association may differ when
looking at the relative versus absolute differ-
ences. Another key epidemiological concept is
the Number Needed to Treat (NNT) to avoid one
event. This can be calculated by taking
1/absolute difference. In the above example, this
would be estimated as 1/0.06 = 15 treated to
avert 1 prostate cancer death.

5.5 Study Population

A research question about cause and effect can
thus be addressed with an investigation of an
association between an exposure and an out-
come. In doing so it is essential to ascertain the
group of persons in which we can quantify this
association. In the typical epidemiological study
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we need some follow-up time for the outcomes
of interest to develop. Hence, the quantification
of the above-mentioned incidences and risks
relies on using the observed person-time in our
studied individuals. It is common to refer to this
defined group of people as the study population
and the total person-year experience as the study
base. To enumerate the total person-time in the
study base it is thus necessary to clearly define
the time at risk that each person contributes to a
study. In a study of prognosis in breast cancer,
the study population could be women diagnosed
with invasive breast cancer in a certain institu-
tion, person-time could be time from breast
cancer diagnosis until breast cancer death, death
from other causes or end of study, whichever
comes first.

The term target population refers to the target
for our findings to be generalised to. Generalis-
ability relates to the validity of a study by relat-
ing the people in the study population to people
outside the study population. For instance, a
study based on men with prostate cancer diag-
nosed between 2008 and 2013 at Guy’s Hospital
in London (study population) to identify the
effect of ethnicity (exposure) on prostate cancer-
specific death (outcome) aims to be generalisable
for men with prostate cancer in the UK (target
population).

5.6 Study Design

There is a wide variety of study designs available
in epidemiology. For a detailed description of
each study design we refer to Modern Epidemi-
ology by Rothman et al. [8]. A brief description
of the most common study designs is provided
below.

Study designs can be classified as prospective
and retrospective. If the researcher has collected
information about the exposure before the out-
come event, a study is considered to be
prospective. In contrast, if information about the
exposure is collected after the outcome, the study
is retrospective. Thus, this classification refers to
time of information collection.

5.6.1 Experimental Studies

In an experimental study investigators manipu-
late the conditions under study, i.e. they assign
the study subjects to the exposure, most often a
medical intervention. However, it is often very
expensive to conduct a large experimental study
and sometimes it is ethically not possible to
allow for the investigator to assign people to
different exposures (i.e. smoking or histopatho-
logical tumour type), so that observational or
non-experimental studies are required.

A randomised clinical trial (RCT) is the gold
standard of experimental studies. It studies the
effect of an intervention applied by the investi-
gator to two or more groups that are built up by
random assignment. The major advantage of a
trial over an observational study is its ability to
circumvent selection bias, which is a major threat
to the validity of observational studies (see
below). By randomising participants to the
intervention or the control arm, it is assumed that
all baseline characteristics of the study popula-
tion (i.e. demographics, medical history) are
distributed similarly between both arms.

Another advantagewith experimental studies is
the possibility to design and follow a strict pro-
tocol, not only for the assignment and conduct of
the intervention, but also for the information col-
lection. Randomisation helps preventing selection
bias, but there is no guarantee against information
bias (see below). To ensure that information about
treatment effects is obtained as objective as
possible, studies are often designed as double-
blinded, i.e. neither the investigators nor the par-
ticipants know who was given the treatment and
who was not. Thus, blinding refers to whether the
participant, treating physician or researchers have
knowledge about randomisation to the interven-
tion arm. However, sometimes blinding is only
possible in one-way (single-blinded) or even
impossible due to the exposure being studied (i.e.,
new surgical techniques).

In the context of testing new therapies,
experimental studies are often subdivided into
phase I, II, III and IV studies. This categorisation
depends on the stage of testing. Once preclinical

66 M. Van Hemelrijck and L. Holmberg



or experimental studies have been conducted, a
phase I study is performed to test the safety of the
therapy in a few ‘unblinded’ volunteers. When
the phase I study has shown safe results, a phase
II study is conducted to test tolerability and
define intensity of dose of the intervention.
A phase III study is a much larger RCT to test the
effect of the new therapy on the specified clinical
outcome. Following a successful outcome of a
phase III study, a new therapy may get approved
by the relevant agencies (i.e. the Food and Drug
Administration in the United States). However,
the approval still requires follow-up with a phase
IV study to identify the rate of serious adverse
effects over a longer follow-up time. This study
is either performed as an RCT or as an obser-
vational study.

BOLERO-3 is an example of a recently
published randomised, double-blinded, placebo
controlled phase III trial. It was designed to
investigate a new drug regime for women with
HER2-positive advanced breast cancer [9]. Eligi-
ble patients were randomly assigned to two dif-
ferent cytotoxic regimens. The primary outcome
was progression-free survival. The statistical
analyses showed that the addition of one drug to
the standard treatment prolonged progression-free
survival.

5.6.2 Observational Studies

In an observational study, the exposure is not
manipulated by the investigators, but observed in
a way that would allow some degree of causal
interpretation—using what is sometimes referred
to as the “natural experiment”. The above-
described example of the cholera epidemic is a
prime example.

The most common observational study design
in epidemiology is a cohort study, which refers to
a cohort of people who are followed overtime to
identify whether they develop an event of inter-
est. Usually a cohort is considered to be a fixed
roster of study participants who stop contributing
person-time either when they develop the out-
come of interest, die, are lost to follow-up or at
the end of the study. The cohort members can be

defined at one point in time or recruited over
some inclusion time. An RCT is a special case of
a cohort study comparing two (or more) cohorts
based on their exposure status.

The European Prospective Investigation into
Cancer and Nutrition (EPIC) is a cohort study
with more than half a million participants
recruited across ten European countries and fol-
lowed for almost 15 years. It was designed to
investigate the associations between different
exposures to diet, nutritional status, lifestyle and
environmental factors and the incidence of can-
cer and other chronic diseases [10]. Another
well-known cohort study is the American Nur-
ses’ Health Study (NHS) [11], which is one of
the largest and longest running investigations of
factors that influence women’s health. It started
in 1976 and the information provided by the
238,000 dedicated nurse-participants has led to
many new insights into health and disease.

Case-control studies are the other typical
design for non-experimental or observational
studies. The design starts with identifying those
who have the outcome (cases) and a set of con-
trols. A case-control study can be seen as the
sampling of an existing or tentative cohort. Cases
and controls should come from the same
person-time experience, i.e. study base. The term
“nested case control study” is often used when
the cases and controls are drawn from an existing
cohort study. Cases and controls are compared
on the basis of an exposure variable for which
information was collected either retrospectively
or prospectively. Most case-control studies are
retrospective because information about the
exposure is collected after the cases and controls
are defined. The Northern California Childhood
Leukaemia Study is an example of a population-
based case-control study of risk factors for
childhood leukaemia [12]. Cases were identified
from paediatric oncology centres in the Northern
California region and controls were identified
from birth certificates. Information on maternal
diet was collected using a food frequency ques-
tionnaire to assess the diet 12 months prior to
pregnancy. The statistical analyses showed that
women with a high intake of fruits and vegeta-
bles had children with a lower risk of leukaemia.
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Case control studies can be very effective in
several situations. When the outcome under
study is rare, it would be extremely expensive
and time-consuming to collect all relevant
information on exposures in a large cohort study
as it would only result in a few cases. Moreover,
when one wants to study an exposure that is very
expensive or time-consuming to measure (i.e.
staining for a specific biomarker in cancer
patients to predict recurrence), it may be more
suitable to conduct a case-control study.

Cross-sectional studies, also called prevalence
studies, involve all persons (or a subset) in the
population at a specific time of ascertainment of
their health status. These studies do not include a
longitudinal component and are hence often used
to describe the prevalence of a disease since both
newly and previously diagnosed disease will be
enumerated. The American National Health and
Nutrition Examination Survey (NHANES) is a
programme of studies designed to assess the
health and nutritional status of adults and chil-
dren. It is run by the National Centre for Health
Statistics with the aim to produce vital and health
statistics for the nation [13]. NHANES includes
information from an interview on demographic,
socioeconomic, dietary and health-related issues
as well as an examination involving medical,
dental and physiological assessments. It is thus
used to determine the prevalence of major dis-
eases and risk factors for diseases.

Ecological studies use data from a population
level, defined based on geographical or temporal
characteristics. Individual information on the
potential relation between exposure and outcome
is therefore missing. In the context of cancer,
there are many examples investigating dietary
and lifestyle risk factors using geographical or
temporal ecological study designs. A main threat
to the validity of ecological studies is the lack of
individual information. We usually have little or
no control over the distribution of important
exposures and/or confounders in the populations
and a specific sub-group of the population may
be over or underexposed. Therefore, biological
interpretation from ecological data is limited.
Even if one population is at large much more
exposed to a certain factor, it may not be the

exposed ones but rather the un-exposed minority
in that population is the source of most of the
outcomes we are looking for.

5.7 Bias and Confounding

Assessment and attempts to control for system-
atic errors (bias) in a study is a prime concern in
epidemiology to ensure that the results of a study
reflect a real-world situation as much as possible.
Errors will always be present to some extent, but
an understanding of these errors makes the reader
and the researcher able to judge whether the
problems can be tackled and minimised. It would
allow assessing whether these errors have influ-
enced the results in an important way and whe-
ther a study can contribute to the existing
evidence in a specific research area. There is no
external validity without the study being inter-
nally valid.

Internal validity of a study can be affected by
biases due to errors in the selection of the study
population, the collection of information on the
exposure or the outcome and failure to account
for other external factors or individual charac-
teristics associated with exposure status that may
influence outcome. These systematic errors in the
study design may thus cause bias by showing an
association between the exposure and the out-
come that is different from what is the causal
association. The following section describes in
more detail what is meant in epidemiology by
selection bias, information bias and confounding
[14].

Selection bias refers to errors in the selection
of the study population. For instance, when a
cohort study aims to compare the outcome for
two cohorts with different exposures, selection
bias would be present if the cohorts are assem-
bled so that they would have a different outcome
regardless of exposure. Selection bias is partic-
ularly common in observational studies of med-
ical interventions and may appear in many
different ways. For example, when studying
patient outcomes in a group of patients who
underwent a small surgical procedure compared
to a group of patients undergoing a large surgical
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procedure, it is generally known that those
selected for the latter have a better general health
status as they are considered to be suitable to
undergo such a procedure. In this case the
attending physician would have made the selec-
tion. In addition, self-selection is often an issue
when performing cancer screening studies. For
instance, a study analysed the epidemiology of
irritable bowel syndrome (IBS) symptoms in a
random sample of the general population and a
subsample consenting to a colonoscopy to assess
how IBS may introduce selection bias [15]. All
3347 randomly selected adults were mailed an
abdominal symptom questionnaire and all
responders were contacted to consent for a
colonoscopy. All non-responders were also con-
tacted to ask seven key questions of this vali-
dated questionnaire. It was found that the
prevalence of IBS-like symptoms was highest
among the responders who consented for a
colonoscopy and lowest for the non-responders,
suggesting that when studying the effect of
colonoscopy on cancer outcomes self-selection
would introduce bias as symptomatic subjects—
and some of the symptoms might be due to
cancer—are more likely to go for screening than
the general population.

Information bias refers to errors in the col-
lection of information on the exposure or out-
come. We already mentioned above that not even
a RCT is completely free from information bias
and hence double-blinding is often required
when studying new medications. In retrospective
data collection of exposure status (i.e. through
use of medical records), it is an advantage to
blind the assessor to outcome or case status of a
study participant. In a case-control study, recall
bias is a well-known example of differential
misclassification of the exposure. For example, a
nested case-control study in the NHS examined
whether diet during preschool age affects a
woman’s risk of breast cancer later in life [16].
Information concerning the nurses’ childhood
diet at ages 3–5 was obtained from their mothers
with a food frequency questionnaire. Recall bias
is an issue not only because of genuine forget-
fulness, but also due to potential under or
over-reporting of specific dietary habits by

mothers of women who have developed breast
cancer especially if some dietary habits have
been publicly discussed as associated with the
risk under study. Misclassifications of the kind
discussed above are called differential, i.e. dif-
ferent by exposure or outcome status. Misclas-
sification can also be non-differential, meaning
that it is similar for exposed/non-exposed or
cases/non-cases. In general, this would lead to
less statistical precision to study the observed
associations.

Confounding is the problem of confusing or
mixing of the exposure effects under study with
other “extraneous” effects [17]. Factors responsi-
ble for confounding are called confounders and
need to fulfil the following three criteria (Fig. 5.2):
• associated with the outcome irrespective of

exposure;
• associated with exposure in the study base

irrespective of outcome and
• not an intermediate in the pathway between

exposure and outcome.
For instance, when studying the association

between obesity (exposure) and risk of bladder
cancer (outcome), smoking may be a confounder
[18]:
• smoking is associated with risk of bladder

cancer in both obese and non-obese
populations;

• if smoking is non-causally associated with
obesity in the particular population giving rise
to the study base and

• smoking is not an intermediate in the pathway
between obesity and risk of bladder cancer.
Therefore, confounding by smoking needs to

be addressed in this study.
Ideally, bias and confounding should be dealt

with as much as possible in the study design and
the study protocol. This would include definition
of the study population, a detailed plan for data

Fig. 5.2 Do the criteria for confounding hold?
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collection on exposure, outcome and confound-
ing variables, as well as a statistical analysis plan.
Even when an appropriate strategy and statistical
plan are in place, if the study design is seriously
flawed and important pieces of information are
lacking, no statistical method can vouch for the
internal validity. A more detailed description of
multivariate statistical methods in epidemiology
can be found elsewhere [4].

5.8 Summary: Epidemiological
Methods as a Toolbox

Epidemiology is thus much more than the study
of epidemics. It is a toolbox of research methods
that can be used whenever studying some event
or characteristic of a population (i.e., humans,
animals, etc.). An epidemiological study is
always defined by a research question that wants
to describe the frequency distribution of an event
or address the association between an exposure
and an outcome. Once you have defined the ideal
study base for the study you have to select a
study population in which you then according to
a study plan (protocol) obtain information on
exposure and outcome. Statistical methods are
then applied to quantify this association. The
researchers have to be very careful throughout
this entire process to minimise bias and maximise
the internal and external validity of the study.

Epidemiology very often thus addresses
hypotheses about the association between an
exposure and an outcome, with a final aim to
understand the causation of a disease or health
status. The testing of new medical interventions
in RCTs has developed into a field of its own.
However, the many situations where an RCT
cannot be undertaken, has spurred the recent
development of epidemiological research meth-
ods trying to utilise the “natural experiment” as
an RCT—these new methods are often referred
to as “causal inference methods” [19]. Hopefully,
this toolbox of epidemiological methods will
assist researchers in becoming the John Snows of
modern cancer studies.
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6Cancer Screening

Lorelei A. Mucci, Kathryn M. Wilson and Jennifer R. Rider

6.1 Overview

Screening involves the examination of asymp-
tomatic individuals in order to classify them as
likely or unlikely to have the disease of interest. In
1968, the World Health Organization (WHO) first
described the following additional criteria for
screening programs [1]:
• The disease must be a serious health problem

that causes significant morbidity and/or mor-
tality in the general or a particular population.

• Effective treatments are available for earlier
stages of disease, these potentially decreasing
morbidity and mortality.

• Screening tests used to diagnose various
forms of disease must be safe, relatively easy

to apply, rapid, inexpensive, reproducible, and
must have acceptable performance (sensitiv-
ity, specificity, accurate predictive values).
Screening is common for several different can-

cers using a variety of modalities, including breast
(mammography), colon (colonoscopy), prostate
(prostate-specific antigen, PSA), cervical (Pap
Smear), and lung (CT scan) cancers. The goal of
cancer screening is to reduce the morbidity and
mortality associated with cancer by diagnosing the
disease at a stage when early treatment is presumed
to be less intrusive, less prone to complications, and
more effective in reducing mortality than delaying
treatment until when symptoms occur [2]. There is
considerable debate around the effectiveness of
screening for several of the above cancers. Under-
standing the benefits and risks of screening relies on
a number of key attributes of the disease itself, the
screening test, and ultimately the screening pro-
gram in the population selected for testing.

6.2 Characteristics of a Cancer
Suitable for Screening

For cancer screening to be effective, the disease
must pass through a preclinical phase during
which the cancer does not cause symptoms but is
detectable by clinical examination or through
measure of a biological marker [3]. In addition, the
duration of this preclinical phase must be suffi-
ciently long and provide a window of time for
screening to occur. Screening is not useful if it
is unable to detect the cancer much before the
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onset of symptoms, since symptoms would likely
eventually bring an individual to clinical attention.
In addition, the prevalence of the disease must be
high enough to warrant screening in a population.
This point is key both with respect to health care
costs associated with screening as well as the
potential for false positives in a population where
most individuals do not have the cancer of interest.
Finally, if available treatment of the cancer at the
preclinical phase is no more effective than treat-
ment at the symptomatic stage, then the cancer is
not suitable to screening.

6.2.1 The Preclinical Phase

Figure 6.1 presents an overview of the preclinical
phase in the context of cancer’s natural history.
The preclinical phase theoretically begins at a
point after the initial tumor forms and lasts until
symptomatic disease occurs [4]. This window of
time, which is critical for assessing the value of
screening, is not always easily determined. Indeed,
the window of the preclinical phase for screening
actually depends on the screening tools available.
For example, if one is using a clinical examination
to screen, the preclinical phase will not begin until
the tumor is of sufficient size for the clinical
assessment to identify the growth. The use of
blood or urine-based biomarkers assays can move
the start of the preclinical phase to an earlier time
when the tumor produces sufficient amounts of the
biomarker for detection. It is noteworthy that there
may be considerable between-person variability in
the length of the preclinical phase for a specific
cancer based on biological characteristics of each
individual’s disease. Some tumorsmay growmore

slowly, while others proceed rapidly to symp-
tomatic or metastatic disease.

6.2.2 Cancer Prevalence

Another key attribute for screening is a cancer’s
prevalence, particularly in its preclinical phase [4].
Prevalence is a function of the incidence of the
disease and its duration in its preclinical phase.
Thus, if the incidence of a cancer is low or the
duration between biological onset of a tumor and
symptomatic disease is short, the cancer’s preva-
lence will be too low to make population-based
screening effective. Recent screening in a popu-
lation can also decrease the frequency of preclin-
ical disease in a population. Although the
prevalence of a cancer may be low in the general
population, it may be possible to define a subgroup
of individuals with an increased likelihood of the
cancer based on risk factor profiles. For example,
the prevalence may be higher for lung cancer
among long-term cigarette smokers, hepatocellu-
lar carcinoma among carriers of the hepatitis B
virus, or mammography screening among women
who carry mutations in BRCA1. If the relation
between these factors and cancer incidence is of
sufficient strength, prevalence in these subgroups
may be high enough for screening to be useful.

6.2.3 Cancer Metastases
and Mortality

The development of metastatic disease in cancer
is the major cause of cancer death in patients.
A key goal of cancer screening is to identify and

Fig. 6.1 The preclinical phase in cancer screening
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treat cancer at a window of time before the
metastasis has occurred. For a cancer to be suit-
able for screening, the rate of metastasis or death
should be sufficiently high. Moreover, earlier
intervention and treatment before symptoms
occurs should lead to substantial reductions both
in morbidity from the cancer and its treatment
and in its mortality. As a corollary, screening
requires a clear understanding of the cancer’s
natural history, including the rate at which the
disease in its various forms progresses, an
understanding of the signs and symptoms of the
different forms of disease, and the cancer’s
amenability at each phase to treatment. Most
cancer sites do have sufficiently high risks of
metastasis and cancer death to warrant screening.

6.3 Characteristics of a Suitable
Screening Test

There are several prerequisite criteria for the
suitability of a screening test. The test should be
relatively simple to administer and perform. For
example, if the screening tool requires extensive
training or its methodology is complex, there can
be considerable variation in how well the test is
administered across centers. The test should be
rapid, both in its conduct and in its turnaround
time to obtain results. The test should have a
relatively low cost to benefit ratio. The screening
tool and its follow-up exams should be safe, and
should cause as little discomfort or potential
harm as possible. This is of particular importance
since the majority of individuals screened will
not have the cancer of interest. Colonoscopy for
colorectal cancers notably challenges some of
these key tenets of suitability. For the patient,
there is some discomfort associated with the
colonoscopy preparation, and the procedure itself
often requires sedation. The diagnosis of most
cancers requires a follow-up biopsy after a pos-
itive screening result, and the biopsy can carry
risk of discomfort, pain, and infection.

The immediate goal of screening is to correctly
identify as positive those individuals who have a
cancer in the preclinical phase and as negative
those without cancer. Thus, the reliability and

validity of the screening tool are essential to
effective cancer screening. Reliability refers to the
ability of the test to give the same result, whether
correct or incorrect, on repeated applications of
the test in the same person with a given level of
disease [5]. Reliability depends on the intrinsic
variability of the factor being measured, the vari-
ability of the method used, the skill of the indi-
vidual performing the measurement and the
accuracy of interpretation of the test results. For
example, if the screening tool uses a biomarker
level, it is critical to understand whether there are
diurnal or other variations in these levels inde-
pendent of the disease itself. Moreover, it is
important that the test is reliably measured, whe-
ther in a small clinic or large teaching hospital.

6.3.1 Sensitivity and Specificity

Sensitivity and specificity are the most com-
monly used measures of a screening tool’s
validity to estimate how well the tool correctly
classifies someone as having or not having the
disease [5]. The screening tool is compared to a
gold standard that is accepted as the means by
which the presence or absence of a particular
disease is established. Figure 6.2 provides a
contingency table, which cross-classifies indi-
viduals based on the results of a screening test
compared to information on an individual’s dis-
ease status as determined by the gold standard. In
this table, “a” represents true positives, or indi-
viduals who truly have the disease of interest and
are correctly classified by the screening test, “d”
represents true negatives, or individuals who

Fig. 6.2 A 2 × 2 contingency table for determining test
characteristics of a screening test: sensitivity, specificity,
positive, and negative predictive values
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truly do not have the disease, “b” represents false
positives, or individuals who are incorrectly
labeled by the screening test as having the dis-
ease, and “c” represents false negatives, or indi-
viduals incorrectly labeled by the test as being
negative when in fact they have the disease.

Sensitivity indicates the proportion of indi-
viduals with cancer correctly classified by the
screening test as having the disease. It is calcu-
lated as: True positives (a)/[True positives
(a) + False negatives (c)]. The number of false
negatives is determined largely by the sensitivity
of a test, and also depends on the distribution of
preclinical disease stages in the population
selected for testing [3, 5]. When cancer is early in
the preclinical phase, it is more difficult to detect
by a screening test, and the detectability of the
disease tends to increase as the preclinical phase
progresses [4]. Thus, change in detectability of
each case as the disease progresses suggests a
sensitivity function, whereby sensitivity increa-
ses according to the point in the preclinical
phases at which cases are tested [4].

There can therefore be real challenges in
determining sensitivity, since the number of indi-
viduals who truly have the disease must be deter-
mined by another (diagnostic) test. Depending on
the cancer, it may be challenging to apply a
definitive diagnostic test to asymptomatic indi-
viduals. In addition, a screening test may not be as
sensitive when applied to a different population
[5]. Finally, sensitivity will appear relatively high
in the first screening of a population since there is a
pool of prevalent preclinical cases.

Specificity is the probability that individuals
without cancer will be correctly classified by the
screening test as being disease-free. This is cal-
culated as the number of patients without disease
who test negative divided by the total number
without cancer [True negatives (d)/True negatives
(d) + False positives (b)]. The same conceptual
difficulties emerge in estimating specificity as in
determining sensitivity, since knowledge of
numbers in the denominator must be determined
on the basis of a given diagnostic test that may or
may not in actuality be a true gold standard. For
many cancers, the diagnostic tests have inherent
risks, and therefore would not be done on

asymptomatic people with negative screening test
results.

Biomarkers often provide information on a
continuous scale. Screening tests that use a bio-
marker will make decisions about positivity and
negativity at a dichotomous cutoff point, such
that values above a certain level will indicate a
decision for further testing. Receiver operator
characteristic (ROC) curves provide a graphic
display for studying the effects of using different
cutoff points on the performance of a screening
test or as a method for comparing competing
screening tests. The ROC plots the true-positive
rate (Sensitivity) against the false positive rate
(1—Specificity) and illustrates the trade-off that
exists between them. Defining a specific cutoff
point requires tradeoffs. Changing a cutoff point
to improve sensitivity will lead to concomitant
decreases in specificity, and conversely changing
it to improve specificity will decrease sensitivity.
The area under the curve is a measure of the
test’s accuracy. An area that equals 1 indicates a
perfect test, while an area that equals 0.5 indi-
cates that the test did no better in predicting
disease than chance alone.

For serious diseases it is often best to optimize
sensitivity (and thus reduce the number of false
negatives), particularly when the subsequent
diagnostic test is of low risk to the individual and
of relatively low cost. For cancer, this will avoid a
missed early diagnosis, which could allow the
disease to progress to a more advanced phase
before the emergence of symptoms prompt fur-
ther diagnostic tests. However, in this setting the
specificity will be decreased, prompting more
falsely positive diagnoses, more retrospectively
unnecessary tests and patient anxiety over a dis-
ease that ultimately is proven not to be present.

In contrast, it may be preferable to optimize
specificity (and thus reduce false positives) when
the disease is of low risk for progression and
therefore of low consequence, particularly when
the subsequent diagnostic tests are of high
attendant risk and cost. In these instances, not
making a diagnosis earlier may be of benefit in
avoiding intensive and protracted treatments. The
exception to this might involve an opportunity of
facilitating the efficacy of treatments for an
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earlier phase of disease or even of reversing its
full manifestation so that a later expression, even
if indolent, can be avoided.

The primary screening tool for prostate cancer
is the blood biomarker prostate-specific antigen,
PSA. Clinically, a man would come to his
physician for a usual-care medical visit without
any symptoms, and have a blood drawn. The
blood level of PSA provides the patient and his
physician information on how likely or less likely
he is to have prostate cancer. PSA blood levels are
continuous, and a cut point of 4.0 ng/ml or higher
generally is used to determine if a follow-up
prostate biopsy is needed. Within the Prostate
Cancer Prevention Trial (PCPT) study, a PSA of
4.0 ng/ml or higher has a sensitivity of 20 % and
a specificity of 98 %. Given this estimate of
sensitivity, 20 % of men with prostate cancer will
be correctly classified as having prostate cancer
with a cutpoint of 4.0 or higher, and the false
negative rate is 80 %. Given this estimate of
specificity, 98 % of men without prostate cancer
will be correctly classified as not having prostate
cancer, and the false positive rate is 2 %.

6.3.2 Positive and Negative
Predictive Value

Two additional measures of the validity of a test
are its positive predictive value (PPV) and nega-
tive predictive value (NPV). PPV is the propor-
tion of individuals classified by the screening test
as having the disease among the total number of
individuals who have tested positive [True posi-
tives (a)/True positives (a) + False positives (b)].
The number of false positives is determined pri-
marily by the specificity of the test because the
number of non-diseased individuals in most set-
tings greatly exceeds the number of diseased
individuals. Thus, a small decrease in specificity
may lead to a very large increase in the number of
false positives and thus a large decrease in the
PPV. If a positive test result is followed by a
repeat screen test or other noninvasive procedure,
then a low PPV may be acceptable to the popu-
lation. However, if a positive screening test is

followed by an expensive or potentially harmful
diagnostic evaluation, then it is important to use a
test that has a high PPV (i.e., a low number of
false positive results, indicated by a good speci-
ficity). The PPV may influence acceptance of a
screening program by the target population, since
when the PPV is low a positive screening test
represents a false alarm more often, consequently
leading to unnecessary testing and anxiety. For
instance, the PPV of mammography for breast
cancer in screened populations such as the United
States is estimated to be between 15 and 30 %.

The NPV is the proportion of individuals
classified by the screening test as being disease-
free who do not have the disease. This is repre-
sented in the contingency table as true negatives
(d)/False negatives (c) + True negatives (d).
A test with an NPV that approximates a value of
1 indicates that testing negative on the test will
be reassuring. However, if the NPV is <1 by a
value comparable to that of the prevalence of
preclinical disease, then most of the preclinical
disease will be missed, and the screening test will
have a large number of false negative results.
A low NPV is more likely to be the result of poor
sensitivity than poor specificity.

NPV and PPV are determined by both the test
characteristics (i.e., sensitivity and specificity)
and the prevalence of the disease in the popula-
tion being tested by the screening test. When
the prevalence of a disease increases, the PPV
increases, and the NPV decreases. Therefore, the
same screening test, with a given sensitivity and
specificity, will have different predictive values
in populations with different underlying disease
prevalence.

6.4 Characteristics of a Suitable
Screening Program

Beyond its potential impact on reducing mortal-
ity, a screening program should meet several
additional criteria related to its suitability to the
population being tested [4]. The test should be
relatively free of discomfort and attendant risks,
and it should be convenient and attractive to the
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target population. The test should be economical,
both to the individual and to society. The test
should have a high PPV and NPV. Indeed, if the
frequency of case detection is low there is little or
no return to justify the costs of screening.
Moreover, if the frequency of false positives is
high, the additional costs and adverse effects
from further diagnostic tests will result in the
population deriving no benefit and possibly even
experiencing a deleterious outcome.

There are methods to improve the suitability
of a screening program even if the screening test
characteristics are fixed. For example, as descri-
bed above, it is possible to improve the PPV of a
screening program by restricting the program to
high-risk individuals or by screening at a lower
frequency to maintain a high prevalence of the
disease in its preclinical phases in the target
population [4]. The latter is more feasible and
acceptable in low-risk patients. Targeting high-
risk groups of individuals can greatly improve
the feasibility of a screening program if the
cancer is rare. If it is possible to easily charac-
terize a population as being high risk, such as by
the presence of particular risk factors such as
smoking or genetics, screening only in this
population may capture the majority of cases that
would conceivably be detected by screening
the entire population, and the overall cost of
screening could be reduced. One could also
decrease the number of false positives by raising
the criteria of positivity, such as screening with
two sequential tests and only considering an
individual as “screen-positive” if they tested
positive on both tests [6]. If there is concern that
such a program will miss too many cases, one
can lower the criteria for positivity, screen at
more frequent intervals, or use two different
screening tests in combination and consider a
positive result if an individual tests positive on at
least one.

It is critical for any screening program that
there be appropriate follow-up for individuals
who test positive. Thus, there should be a clear
procedure for follow-up diagnostic testing that
can be instituted quickly for screen-positive

cases, and then subsequent therapeutic interven-
tion if the individual is indeed found to have the
disease. For any screening program to be suc-
cessful at reducing mortality and morbidity, a
substantial proportion of cases must be detected
during the preclinical phase, with enough time
for treatment to be more effective than it would
have been if given later. Thus, the availability
and timeliness of effective treatment are critical
components of an appropriate and suitable
screening program.

Determining an optimal interval for screening
is a further important consideration [7]. With
implementation of a one-time screening program,
the incidence rate of cancer for the period of
screening will be quite high as the prevalent pool
of preclinical, screen-detectable cases will be
diagnosed. After the one-time screening, the
incidence rate will drop to a level lower than
expected (without screening) since the cases
already diagnosed have been removed from this
population [4]. The cumulative incidence (and
prevalence) of diagnosed disease, however, will
be increased. After the initial jump, the cumula-
tive incidence will then increase more slowly than
expected because of the reduced incidence rate.

After a second screening, cancer incidence
will again rise. However, the rate of increase will
depend on the interval since the initial screen. If
the timing between screening tests is too short,
then the prevalence of cancer cases in the pre-
clinical phase will be too low. If screening, once
begun, is continued indefinitely, the average
incidence rate of the disease may increase above
the baseline rate indefinitely because of the
detection of nonprogressive cancer cases that
would not have otherwise come to light clinically
and only arise as a result of additional screening.
Such cases are called “pseudodisease,” and can
include both cases that never would have pro-
gressed to a symptomatic state and cases that
would have progressed except that the individual
died of a competing cause before symptoms
occurred. There are several examples of cancers
with a high prevalence of pseudodisease,
including breast and prostate cancer.
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6.5 Evaluating the Effectiveness
of a Cancer Screening
Program

The benefit of a screening program in a popula-
tion can be measured in several ways. Improve-
ments in cancer-specific or overall survival are
perhaps the most commonly used measures of
effectiveness [8]. In addition, improvements in
quality of life and changes in the proportion of
individuals diagnosed with advanced disease can
be used to show effectiveness of a program, and
may be worthwhile measures even if survival is
not changed.

The number needed to screen (NNS) is defined
as the number of people who need to be screened
for a given duration to prevent one death or
adverse event. For example, the NNS for
Hemoccult testing (i.e., fecal occult blood testing)
to prevent a death from colon cancer is 1374, and
for mammography to prevent a death from breast
cancer is 2451 among women aged 50–59 [9].
The number of years gained by screening can be
calculated by multiplying the number of years
lost without screening by (1—Relative risk),
where the relative risk refers to the estimate of
screening effectiveness in the population.

Certain biases may complicate the interpreta-
tion of some measures of screening effectiveness
[8]. For example, comparing the number of
patients with newly diagnosed disease in a
screened versus unscreened population may not
be useful, since the overall goal of screening is to
diagnose disease at an earlier (or otherwise pre-
clinical) stage, and thus the expected incidence
rate should be higher. Lead time bias and length
bias are two other important issues to consider in
estimating screening effectiveness.

Lead time is the interval from disease detec-
tion with screening to the time at which diagnosis
would have been made without screening, and is
thus the amount of time by which the diagnosis
was advanced owing to screening. The length of
the lead time interval is a function of the timing
of screening in relation to the preclinical win-
dow, and may be different for different individ-
uals because of the heterogeneity of cancers.
Although the lead time interval is not directly

observable, a distribution of lead times can be
estimated from randomized controlled trials by
comparing time of diagnosis between the
screened group and the unscreened group from
the same baseline start point [10].

The lead time gained by screening and the
degree that these lead times improve the effec-
tiveness of early intervention are primary deter-
minants of the effectiveness of a screening
program. However, lead time may allow an ear-
lier diagnosis but not necessarily a later death, for
instance, if earlier treatment is not more effective,
or if screening is not associated with appropriate
follow-up care. In this case, the length of time
from diagnosis to death will still be longer
among screen-detected cases compared to rou-
tinely diagnosed cases. If 5-year survival rates
are compared between these groups, screening
will appear to be beneficial, even though there
may be no real gain in survival time. This is
known as lead time bias [4].

If a screening program is beneficial, there
should be reductions in mortality after the lead
time interval [4, 8, 10]. Therefore, the primary
outcome of interest in the evaluation of screening
should be the late manifestation of disease or
death from disease. Moreover, in this situation,
the lead time forces an individual to live longer
with the knowledge of their cancer diagnosis. In
addition, their exposure to more treatments
without benefit in terms of actual survival intro-
duces the risk of additional morbidity which
these patients might not ordinarily have experi-
enced until later in the course of their disease.

Another potential bias is length bias, which is
the phenomenon whereby screen-detected cancer
may not be representative of all cases [11].
Cancer can be a disease of considerable biolog-
ical heterogeneity with different rates of pro-
gression. Screen-detected cases tend to have
longer preclinical phases, biologically slower
progression and somewhat better prognosis than
cases detected through diagnostic evaluation of
symptoms [10, 11]. Unless the screening test is
conducted frequently in a population, screening
will preferentially detect cases with a more
slowly developing disease, and therefore an
intrinsically better prognosis. Thus, because of
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length bias, screen-detected cases will appear to
have improved survival, which may be erro-
neously attributed to the screening.

The selection of study design, study popula-
tion, outcome and exposure assessment is critical
to evaluate screening effectiveness and avoid the
potential introduction of these biases. The ran-
domized controlled trial, introduced in Chap. 5,
is considered the gold standard for evaluating the
effectiveness of cancer screening. In this design,
asymptomatic individuals without cancer are
randomly assigned to be part of the screening or
unscreened arm and followed prospectively for
the outcome of interest, primarily cancer mor-
tality [12]. The length of observation period must
account for the natural history of the cancer, and
should at least encompass the time by which
most screen-detected cases would die of cancer if
they were not treated early. Random allocation
can take place at the individual or community
level. The main strength of randomization is that
the distribution of measured and unmeasured
factors that could impact cancer survival is
randomly distributed among the screened and
unscreened groups.

In an intention-to-screen analysis, the disease-
specific mortality experience is compared among
those randomized to screening and those ran-
domized to no screening, regardless of compli-
ance of the individuals. Indeed, a limitation of
randomized trials is that noncompliance or cross-
over between the groups can result in misclassi-
fication so that an effect of screening on mortality
is obscured [12]. Other limitations include the
large number of participants required, particu-
larly for cancers with few expected deaths,
the long-term follow-up generally needed, that
the screening technology may have changed
by the time the study results are available, that
the screening protocol may not be acceptable to
physician and/or patient to participate in random
allocation, and finally that the unscreened and
screened arms do not have equipoise [13].

Observational studies, also introduced in
Chap. 5, can provide a cost-effective and valid
design to evaluate screening tests or programs
when a randomized trial is not feasible [14, 15].
In particular, a case-control study design can be

used in which cases are defined as individuals
who died of the cancer of interest or have
advanced stage or metastatic cancer. Controls
should represent a source population that gave
rise to the cases, and would include all living
members, including people with and without
cancer. This is critical, since systematic exclu-
sion of individuals with cancer would tend to
remove screened individuals preferentially and
reduce the apparent size of the true beneficial
effect of screening. Cases and controls should be
selected independently of whether they have
been screened [14, 15]. In defining screening in a
case-control study, the screen period for cases
and matched controls ends at the time the cancer
diagnosis is made, since the person is then no
longer eligible for screening. An exposure win-
dow can be defined to approximate the detectable
preclinical period in order to find the relevant
period based on the natural history of the cancer.

The strength of the case-control design is that
it provides an opportunity to examine the efficacy
of screening in the absence of randomized con-
trolled trial data and when a screening test has
already become widespread in a test population.
Moreover, it is a faster, more efficient and lower
cost design than a randomized trial. However,
case-control studies are prone to biases, includ-
ing selection bias, the inability to distinguish
screening from diagnostic tests, and the lack of
randomization, which can result in confounding
[14, 15].

6.6 Cancers for Which Screening
Is Recommended

Recommendations for cancer screening are made
by a number of organizations and panels. There
can be a lack of consensus across these organi-
zations, which can create challenges for patients
and clinicians in interpreting the appropriate
cancer screening strategies. In the United States,
the Preventive Services Task Force (USPSTF) is
one of the leading bodies making consensus
statements around screening. USPSTF is an
independent group of physicians in primary care
and preventive care who review peer-reviewed
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literature and provide an evaluation on the
weight of evidence.

Table 6.1 presents an overview of the recom-
mendations by the Task Force for several of the
major cancers. There is good consensus of rec-
ommendations for screening for cancers of the
lung, cervix and colorectum. However, for other
cancer sites there is a lack of consensus agree-
ment. For example, while the USPSTF suggests
there is no evidence to begin mammography
screening before age 50 [16], the American
Cancer Society (ACS) recommends annual
mammography screening starting at age 40
without any upper age restriction [17]. For pros-
tate cancer screening, the ACS and American
Urological Association recommend informed
decision-making starting at age 50 or 55 and older
(however, younger for African American men
and those with a positive family history) [18].

A consensus statement by the European Urologic
Association recommends a baseline prostate-
specific antigen (PSA) screening among men
age 40–45 and then offering early detection for
men with a life expectancy of greater than
10 years [19].

The development of new screening tools is an
active area of research, including both for can-
cers with existing screening tools (e.g., breast
and prostate cancer) as well as for cancers
without any established screening methods
(pancreatic cancer). These new tools include the
development of novel biological markers that
could be measured in blood, urine or other
biospecimens, as well as noninvasive imaging
technologies. Collaborations such as the National
Cancer Institute’s Early Detection Research
Network are working to accelerate the develop-
ment and validation of these screening tools.

Table 6.1 Summary of recommendations for cancer screening by the United States preventive services task force

Cancer
site

Date Sufficient evidence Insufficient evidence

Breast 2015 Mammography every two years for women age
50–74
Individual choice for women age 40–49

Screening women age 75 and older

Cervical 2012 Pap smear for women age 21–65, or
Pap smear and HPV test for women age 30–65

HPV testing before age 30
Any screening before age 21
Women age 65 and older who have
had adequate screening
women who have had a hysterectomy

Colorectal 2008 FOBT, sigmoidoscopy or colonoscopy for men
and women age 50–74

Screening in adults age 75 and older
CT colonography or fecal DNA
testing

Lung 2013 Annual chest CT for men and women age 55–79
with 30-year history of smoking

Screening individuals after smoking
cessation of 15 years

Ovarian Ovarian cancer screening for women
of any age (asymptomatic)

Prostate 2012 PSA screening for men of any age

Skin Counseling of children and young adults age 10–
24 about reducing UV exposure

Whole body skin exam by physician
or self-exam among adults

CT Computed tomography
FOBT Fecal occult blood test
HPV Human papilloma virus
Pap smear Papanicolaou smear
UV Ultraviolet
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6.7 Summary

Screening can be a critical component of cancer
prevention, and in the right setting can lead to
reductions in cancer morbidity and mortality.
A detailed understanding of the principles of
screening is needed in order to assess the value of
cancer screening in the context of the disease
itself, the screening tools, and program. While
there is sufficient evidence for a benefit of
screening for some cancers, there is an active
debate on the benefits of screenings for others,
and indeed for some cancers there is an urgent
need for the identification of screening tools that
could improve mortality outcomes for cancer
patients.
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7Molecular and Genetic Epidemiology
of Cancer

Kathryn L. Penney

7.1 Twin Studies and Heritability

Cancer is a genetic disease, with inherited vari-
ants contributing to its risk and somatic muta-
tions directly driving carcinogenesis and tumor
progression. Studies from decades ago deter-
mined that cancer is an inherited disease from
studies of family aggregation. The family history
of individuals with and without a particular
cancer can be compared to generate a relative
risk measurement for the impact of family his-
tory. For example, a woman with one first-degree
female relative with breast cancer has a twofold
higher risk of developing breast cancer compared
to a woman without a family history [1–3]. Men
whose father had prostate cancer at any age are
more than twice as likely to develop prostate
cancer (RR = 2.35, 95 % CI 2.02–2.72) [4].
Individuals with a family history of colon cancer
in any first-degree relatives have a 37 %
increased risk of developing the disease (OR =
1.37, 95 % CI 1.02–1.85) [5]. However, since
behaviors and environmental exposures can also
aggregate in families, these types of studies do
not allow the familial component to be decom-

posed into an inherited susceptibility and shared
environmental factors.

Heritability is the proportion of observed dif-
ferences among individuals due to genetics.
Therefore, determining heritability can help
assess the impact of genetics on the risk of a
particular cancer. Twin studies provide important
information to disentangle genetic from environ-
mental effects. The components contributing to
disease development in a pair of twins are genetic
(heritable component), shared environment, and
individual environment. Monozygotic (MZ), or
“identical”, twins share*100 % of their genome
while dizygotic (DZ), or “fraternal”, twins share
*50 %, like any siblings. The correlation of
disease status (R) in DZ and MZ twins can be
compared with the following equations:
• RMZ = genetics + shared environment
• RDZ = ½ genetics + shared environment
• Genetics = 2 × (RMZ − RDZ)

The genetic contribution can range dramati-
cally for different cancers. A classic paper by
Lichtenstein et al. [6] analyzed a dataset of 44,788
twin pairs from the Swedish, Danish, and Finnish
twin registries to calculate the heritability formany
cancers. The authors determined a heritability of
27 % for breast cancer (95 % CI 4–41 %), 35 %
for colorectal cancer (95 % CI 10–48 %), and
45 % for prostate cancer (95 % CI 29–50 %). In a
recent paper from Hjelmborg et al. [7] within the
Nordic Twin Study of Cancer (NorTwinCan), the
authors utilized time-to-event analyses to estimate
risk concordance and heritabilitywhile accounting
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for censoring and competing risks of death, which
had not previously been considered (see reference
for methods). After adjusting for possible biases,
their analyses demonstrated that the genetic con-
tribution may be even higher than previously
thought—the heritability of prostate cancer was
estimated to be 58 %. This finding highlights the
importance of accounting for additional factors to
improve the accuracy of analyses that examine the
heritability of disease.

7.2 Types of Samples and Genetic
Variants

Deoxyribonucleic acid (DNA) is the molecule
that provides a blueprint for all the basic func-
tions of life: survival, development, and repro-
duction. DNA is inherited from our parents—one
chromosome from mother, one from father, for
each of the 23 chromosomes. DNA is transcribed
into RNA, then RNA is translated into proteins.
No two individuals have the same DNA; even
monozygotic twins acquire some genetic differ-
ences during fetal development.

Single nucleotide polymorphisms (SNPs) are
the most widely studied inherited variant. SNPs
are single nucleotide differences across a popu-
lation, generally present at a frequency >1 %.
Each possible nucleotide is called an allele;
almost all SNPs are biallelic, meaning that only
two possible alleles exist at that location (locus)
across the population. These variants can be
coding—located within gene exons that are
transcribed—or noncoding. Coding variants
include synonymous variants, which do not
change the amino acid encoded for the protein, or
nonsynonymous, which result in an amino acid
substitution. Noncoding variants include those
located in the transcriptional regulatory regions
of genes, introns of genes, or intergenic regions
of the genome. In addition to SNPs, other com-
mon types of genetic variation include indels, the
insertion or deletion of one or more nucleotides;
tandem repeats (such as microsatellites), the
adjacent repetition of short sequences; and copy
number variants, the deletion or duplication of
large sections of DNA.

The existence of particular variants and the
frequency of variation differ across ethnic pop-
ulations, an important consideration when
designing genetic epidemiology studies. Linkage
disequilibrium (LD)—the nonrandom association
of alleles at two or more loci that descend from a
single ancestral chromosome, where no recom-
bination has taken place between loci—is com-
mon across regions of the genome. The patterns
of LD are also different across populations,
which is important when assessing haplotypes
(discussed in Sect. 7.5) [8].

Germline DNA (inherited DNA) is often
studied to assess the risk of cancer and can be
obtained from cells in blood or saliva. Addi-
tionally, an important source of DNA for many
cancer studies is normal tissue that is removed
during diagnostic or therapeutic procedures.
While the vast majority of the genome will be
identical to the true germline, it is possible that
somatic mutations (mutations that occur after
conception) have occurred in these “normal”
tissues. However, the relatively constant nature
of the germline genome throughout life makes it
an appealing exposure to study.

As cancer is a disease caused by the accu-
mulation of mutations, DNA can also be
obtained from tumor tissue in order to identify
the many somatic mutations present in cancer.
A comparison of DNA from the tumor to the
germline DNA will identify these somatic alter-
ations. Determining which of these mutations are
cancer “drivers” of the disease, and therefore
drug targets, or merely “passengers” is currently
a major focus of cancer genetic research.

7.3 Family-Based and Association
Studies

Two types of association study designs are
commonly used in genetic epidemiology. The
first is family-based studies. These are often trios,
comprised of parents and an affected offspring, or
other combinations of affected and unaffected
family members. The second is case-control
studies, where unrelated individuals with the
disease and individuals without the disease are

84 K.L. Penney



compared. Case-control studies are more com-
mon in the study of cancer as most cancers have
a later age at onset and diagnosis, and it is
therefore more difficult to study a patient’s par-
ents or other family members. A family history
of cancer is often an important covariate to
include in genetic studies.

In a case-control study, individuals with can-
cer (cases) are compared to those without cancer
(controls). These study participants can be mat-
ched on different factors, such as age or race;
however, further matching is less crucial in
genetic studies than in other epidemiologic
studies due to the limited possibility of con-
founding (discussed in Sect. 7.5). If cases and
controls are selected from a larger cohort study,
this can be called a “nested” case-control study.
An advantage to including participants from a
cohort is that often other types of exposure or
outcome data have been collected, and can
therefore be interrogated using the same genetic
data and set of participants.

7.4 Types of Genetic Studies
and Resulting Data

In the years since the sequencing of the human
genome [9], several different types of genetic
studies have been conducted, each generating
increasingly more data. This is largely in part to
advances in technology with ever decreasing
costs to generate more data, coupled with the
improved understanding of the characteristics of
the genome. Candidate gene or candidate SNP
studies, based on an investigator’s hypotheses

about cancer, were considered cutting-edge in the
1990s and early 2000s. Researchers deposited
SNPs they discovered into the National Center
for Biotechnology Information (NCBI) SNP
database (dbSNP) [10]. For candidate studies,
SNPs were chosen from this database within a
region or gene of interest, without preexisting
knowledge of the relationship between those
SNPs within a population.

The International HapMap Project, initiated in
2002, changed this process [11]. The HapMap
cataloged genetic variants, their frequencies in
different global ethnic populations, and the cor-
relation between variants. This catalog made it
possible for researchers to choose a subset of
SNPs that “tagged” for entire haplotypes. This
tagging is possible because LD is common across
regions of the genome. This haplotype tagging
allowed for fewer SNPs to be genotyped while
still capturing a larger amount of information, as
shown in Fig. 7.1.

One of the issues that plagued early genetic
epidemiologic research was the lack of replica-
tion of findings across studies. Few of the SNPs
identified during this time have actually been
confirmed as bona fide cancer risk SNPs. During
the mid-2000s, investigators began performing
genome-wide association studies (GWAS). The
information from the HapMap and innovations in
array-based genotyping technology allowed for
the interrogation of hundreds of thousands of
SNPs simultaneously. Given the very large
number of tests performed, a SNP must reach a
genome-wide p value threshold to be considered
significant (generally p < 5 × 10−8—which is
0.05/1,000,000 tests). To encourage the

Fig. 7.1 The left table shows six nucleotides from five
individuals; three of these nucleotides vary and are
therefore SNPs. From the right table, we can see that

the two SNPs in green (G/T and G/A) are strongly
correlated. If we genotype only the G/T SNP, we will also
know the allele present at the G/A location
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publication of valid findings, very specific study
design and publication criteria were developed
for GWAS. To publish a manuscript in Nature
Genetics, associations from GWAS studies must
be observed in at least two independent cohorts
[12]. In 2012, the editorial board additionally
stipulated that authors report the co-location of
disease-associated variants with gene regulatory
elements identified by epigenetic, functional, and
conservation criteria. Authors are also asked to
publish or include in a public database genotype
frequencies or p values for associations for all
SNPs investigated, regardless of whether they
reached genome-wide significance [13].

Hundreds of GWAS have now been pub-
lished, identifying thousands of SNPs associated
with various diseases, including cancers. A good
resource for updated results on confirmed genetic
variants of disease can be found at the National
Human Genome Research Institute’s website
(https://www.genome.gov/26525384) [14]. One
early story of the success of GWAS in cancer
was the discovery of a locus on chromosome
8q24 that was associated with prostate cancer
[15]. Many more SNPs in this region have since
been identified, and several of these are associ-
ated with the risk of multiple cancer types,
including breast, colorectal, and ovarian cancer
[16]. The majority of the genetic variants asso-
ciated with cancer risk has very small effect sizes
(odds ratios commonly *1.1–1.2 per each risk
allele). The risk estimates can also differ by
ethnicity, highlighting the importance of con-
ducting these large-scale studies in multiple
ethnic populations.

Technology has continued to advance making
it possible to obtain the sequence of the entire
exome or genome. The 1000 Genomes Project,
which is the first project to sequence the genomes
of a large amount of people, allows for imputa-
tion of more variants from GWAS-level data
[17]. The goal of the project is to find genetic
variants that are present in at least 1 % of study
populations, which can be done through light
sequencing of individuals. Currently, finding the
complete genomic sequence of one person
requires sequencing an individuals’ DNA 28
times (28×), however, due to expense, data is

usually combined across many samples to detect
most of the variants in a particular region. Cur-
rently, the 1000 Genomes Project plans to
sequence each sample 4× to detect variants with
frequencies as low as 1 %. As the price continues
to decline, more studies will include whole
genome sequencing to detect variants associated
with cancer. This leads to the identification of
many rare (<1 %) and private (<0.01 %) vari-
ants. Given that power will be limited to study
these variants individually, methods have been
developed that study variation across a gene or
region in aggregate.

7.5 Bias in Genetic Studies

As explained in Chap. 5, confounding is a bias
that results when there is a third factor that
influences (is causally related to) the exposure
and the outcome. The presence of this bias and
methods to correct for it, either through stratifi-
cation or adjustment in statistical models, is
typically a large component of epidemiologic
studies However, given that there are not many
“causes” of germline genetics, confounding is
much less of a concern in genetic epidemiology.
One major exception to this is confounding by
ethnicity or race, often referred to as “population
stratification” or “population structure.” The
frequency of SNPs differs in different ethnic
groups, as described above; race or ethnicity is
additionally often associated through other
mechanisms with disease outcome. Prostate
cancer risk is substantially higher in African
Americans than European Americans, and the
frequency of many SNPs varies greatly between
African Americans and European Americans. If
ethnicity were ignored when designing a study, a
larger percentage of the cases than of the controls
would be African Americans—any SNPs dis-
covered to be associated with case/control status
could potentially only be markers for ethnicity.

Most studies are more carefully conducted
and avoid blatant bias by restricting to one
self-reported ethnicity. However, even in this
situation more “cryptic” population stratification
can exist. For instance, African Americans have
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varying percentage of African ancestry and there
are genetic differences between Northern and
Southern Europeans. To statistically correct for
this, a principal components analysis can be run
on hundreds of SNPs or even the entire GWAS
dataset, using software such as Eigenstrat [18].
The principal components are modeling the
ancestral differences in the cases and controls. By
correcting for the significant principal compo-
nents, any underlying bias by ethnicity will be
removed.

This type of correction with principal com-
ponents can also remove misclassification which
could result from technical errors. While new
genotyping and sequencing technologies are
extremely accurate, missing data or incorrect
genotype calls can occur. Again, serious bias can
be avoided by careful study design—interspers-
ing cases and controls across an array, for
example—but a small amount of bias may still be
present. Investigators tend to exclude SNPs with
>5 % missing data as well as individuals who are
missing >5 % of data from an analysis to avoid
the possible inclusion of flawed data.

7.6 Gene x Environment
Interactions

The impact of many traditional epidemiologic risk
factors on disease may be modified by an individ-
ual’s genetic background (the reciprocal is there-
fore also true, that the impact of the genetic
background may be modified by lifestyle, diet, or
environmental exposures). This type of effect
modification is referred to as “gene x environment
interaction.”Aclassic example is Phenylketonuria
(PKU) and phenylalanine—individuals with this
rare inherited disease caused by a variant in the
PAH gene cannot metabolize phenylalanine,
which accumulates and leads tomental retardation.
However, these downstream phenotypic effects
can be avoided by adopting a phenylalanine-free
diet high in fruits and vegetables and low-protein
breads and pastas [19]. PKU is actually quite
common, affecting1 in15,000 infants in theUnited
States, but due to widespread screening programs
and awareness most grow up unaffected [20].

Gene x environment interactions are appeal-
ing in the field of cancer prevention, as an indi-
vidual’s genetic background cannot be altered,
but one’s lifestyle can. It has been thought that
individuals at greater risk due to their genetics
may be more likely to change their behavior,
though this has not always transpired in practice.
Results from a recent randomized controlled trial
of 783 patients at average risk of colorectal
cancer within four medical school affiliated pri-
mary care practices found that individuals who
were informed they were at an increased risk for
colorectal cancer based on gene environmental
risk assessment (GERA) were no more likely to
be screened than individuals who received usual
care [21]. Gene x environment studies are often
performed using candidate genes/variants and
environmental factors thought to be involved
independently with the disease process. These
types of studies often have limited power, espe-
cially when carried out at the genome-wide level,
and are subject to all the usual biases present in
epidemiologic studies (see references for
methodology) [22, 23].

Epistasis is when the effect of one gene (or
variant) is modified by another gene (or variant),
leading to a nonadditive effect. However, testing
all pairwise sets of genetic variants in a GWAS
leads to so many tests that power is always a
limitation, so few examples of epistasis exist in
the literature.

7.7 GWAS Follow-Up and Linking
SNPs to Function

One of the original hopes for GWAS was that
common variants identified for common diseases
could be utilized for risk prediction. Now that
dozens of variants have been identified for many
cancers, research is beginning to demonstrate
that this may be possible. For example, using 25
of the known prostate cancer risk SNPs, a genetic
risk score was developed and applied to 40,414
individuals. The men in the top 1 % of the risk
distribution were 4.2 times more likely to
develop prostate cancer than men with the med-
ian risk [24]. This type of information may prove
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incredibly useful in the future to make decisions
about who should receive cancer screening.

A major contribution of GWAS has been the
improvement in the understanding of the biology
of many diseases. In retrospect, many of our
“candidate” genes were poor hypotheses and
there have been surprising findings about the
underlying genetic causes of disease. Discover-
ing the mechanisms by which these risk variants
impact disease has furthered knowledge about
specific diseases, and also about genetic archi-
tecture in general. While many assumed that
these risk variants would be protein coding,
many of the identified risk loci are actually
located in introns or even intergenic regions.
Therefore, while most variants are not directly
changing protein structure or function, many of
them are thought to alter gene expression through
transcription. For example, using publicly avail-
able data from The Cancer Genome Atlas
(TCGA), researchers tested the association of
149 known cancer risk loci with gene expression
from five different tumor types and found 28.2 %
were significantly associated with at least one
gene [25]. Identifying the mechanism by which
the variants impact cancer risk and the genes
involved may help lead to improved prevention
and treatment strategies.

7.8 The Personal Genome
and Personalized
Medicine

Identification of genetic risk loci can eventually
lead to personalized prevention and risk predic-
tion. Already companies, such as 23&Me, have
provided a service to the public that genotypes
many risk SNPs for numerous diseases and
provides an interpretation of the results [26].
However, the widespread use of genetic analysis
tools like this is currently in question, after the
FDA in 2013 issue a warning that 23&Me had
not yet received marketing clearance or approval
to be a medical test [27]. In compliance with this
warning, 23&Me briefly stopped offering com-
prehensive genetic testing related directly to

health, but after discussions with the FDA has
reimplemented their test [28]. These types of
tests are likely to be commonplace in the future
and soon everyone may know the sequence of
their own personal genome. Helping individuals
understand that carrying an allele that is associ-
ated with an increase in risk of a specific disease
is not an absolute, but only relative to the average
risk (which is often relatively low for each
specific cancer) can be challenging. Careful
interpretation, explanation, and implementation
will be necessary for this type of information to
be useful to individuals. Additionally, the SNPs
need to lead to improved prediction (as described
in Sect. 7.7) so that physicians can modify
policies and apply different follow-up actions to
those with differing genetic risk. Personalized
medicine in oncology today often focuses on the
sequencing of mutations within a tumor to
identify drug targets. But germline variants may
prove to be equally useful determining risk,
improving cancer screening practices, and eval-
uating drug efficacy and the development of side
effects. Pharmacogenetics, the study of genetics
and response to therapeutics, has had great suc-
cess identifying germline variants that predict
cancer treatment toxicity (reviewed in [29]). This
field will most likely expand and identify many
more germline and somatic variants that influ-
ence treatment response.

7.9 Conclusion

Epidemiologic methods are well suited to the
study of genetic variants and molecular data on a
population level. Many different types of genetic
data can be analyzed, with many study designs to
consider. Genetic epidemiologic studies have
identified hundreds of genetic risk loci for cancer,
and molecular studies are underway to identify
the biological mechanisms. The discovery of the
variants that impact cancer risk may improve
screening practices and risk prediction, and the
identification of variants, genes, and pathways
underlying carcinogenesis may lead to new drug
development and personalized medicine.
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8Bioinformatic Analysis
of Epidemiological and Pathological
Data

Svitlana Tyekucheva and Giovanni Parmigiani

8.1 Introduction

Analysis of high-throughput ‘omics’ data is an
important part of contemporary cancer research.
Well-designed and properly analyzed high-
throughput genomic studies greatly aid our
understanding of cancer biology and can be used
for prognostic and predictive studies. A demon-
stration of the power of genomic data analysis is
comprehensive characterization of the molecular
features of over twenty-five different cancers
produced by The Cancer Genome Atlas (TCGA)
project [1]. Extensively validated and carefully
developed prognostic tests help to guide person-
alized treatment decisions. One prognostic gene
expression-based test, Oncotype Dx®, was
developed to predict the risk of recurrence for
node-negative, estrogen receptor-positive breast
cancer [2]. Initial candidate genes for the test were
identified by analysis of microarray-based gene
expression data, and patients with high risk of
recurrence as predicted by Oncotype Dx® bene-
fited from neoadjuvant chemotherapy [3]. The test
is now being evaluated in two ongoing prospec-

tive clinical trials, Trial Assigning IndividuaLized
Options for Treatment (Rx) (TAILORx: to
determine benefits of chemotherapy for patients
with mid range risk [4]) and Rx for Positive Node,
Endocrine Responsive Breast Cancer (RxPON-
DER: to determine benefits of chemotherapy for
node positive breast cancer for patients who have
low to intermediate risk [5]).

On the other hand, lack of attention to proper
statistical analysis of gene expression data as well
as lack of proper validation have already had
catastrophic consequences [6–12]. An extreme
example of this were the clinical trials that used
unvalidated genomic tests to predict response to
chemotherapy and that were terminated to pre-
vent potential harm to the patients. This incident
warranted establishing a committee on the
Review of Omics-Based Tests for Predicting
Patient Outcomes in Clinical Trials to recommend
ways to strengthen omics-based test development
and evaluation. In 2012 the work of the com-
mittee resulted in a comprehensive report entitled
“Evolution of Translational Omics: Lessons
Learned and the Path Forward” [13]. The main
recommendations from this report are reflected
throughout this chapter, but the original report is
recommended for supplementary reading.

Because of the complexity of high-throughput
data, we often employ sophisticated statistical
and bioinformatical methodology and the results
of the analyses might depend on the chosen
analysis strategy. Different statistical methods
applied to the same dataset are likely to yield
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different predictive models, and even different
versions of the same algorithm or the same
software could produce different results. There-
fore, careful annotation of all analysis steps,
including versions of the used software, complete
and unequivocal description of the computational
models and meticulous validation of the findings
are essential in high-throughput “omics.” The
raw data from the genomic assays, as well as the
values of clinical covariates used in the study
should be made publicly available, so that other
researches can check and reproduce conclusions
of any given “omics”-based study.

Many of the bioinformatic algorithms for
analyzing genomic data are available as
stand-alone software and as freely available
Bioconductor packages. Bioconductor is an
open-source and open development software
project that uses R programming language [14]. It
provides a wide variety of statistical and bioin-
formatical tools for analysis of high-dimensional
genomic data. Developing bioinformatical tools
for analyzing high-throughput data is a quickly
evolving field, with new algorithms and methods
appearing every day, but the basic principles of
analyses remain the same. Further in the chapter,
we will be mentioning examples of both Bio-
conductor packages and stand-alone software that
are commonly used to work with genomic data
mainly for illustration purposes, and this list of
software is not comprehensive.

The principles of experimental design that we
will discuss in terms of gene expression analysis
also apply to biomarker discovery and validation
from any other molecular data type, such as copy
number variation, methylation, metabolomics,
proteomics, and mutational profiles. Rigorous
preprocessing and quality control is also essential
for any molecular data type, but different data
types, and even different technologies within the
same data type might require different algorithms.
Moreover, emerging new technologies for gen-
erating genomic data often require updated and
sometimes entirely new, analysis tools. As an
example, we will discuss how it is wrong to
employ inference tools developed for microarrays
to analyze RNA-Seq data, even though both
technologies measure gene expression.

8.2 Statistical Considerations
in Designing Genomic
Experiments

8.2.1 Discovery Studies

Proper design of a high-throughput genomic
experiment is imperative to a successful and
reproducible study. Measurements obtained from
any molecular assay have multiple sources of
variability. Some variability is of scientific inter-
est, and will come from biological differences
between samples, such as molecular differences
between healthy and malignant samples, cancer
subtypes. Other sources of variability will be
unwanted, such as technical variability in sample
preparation. Importantly, the same sources of
biological variability could be either of interest or
unwanted, depending on the goal of the study.
For example, we might be interested in studying
differences between high and low grades of a
certain cancer type. In this case the variability
between high and low grade cases is the focus of
our study. On the other hand, it might be better to
stratify by grade, or to perform separate analysis
for high and low grade cases when we are inter-
ested in studying survival, because the grade is
not the main focus of the study, and variability
associated with it might interfere with our ability
to identify biomarkers that are related to survival.

All principles of designing epidemiology and
pathology studies should be followed when con-
ducting genomic experiments. The goal is to
minimize technical variability, and to maximize
information about important biological variability
such as the difference between phenotypes of
interest. Therefore, it is important to identify all
potential sources of variability in the samples
before collection, and to design the study so that
research questions can be properly addressed by
statistical methods. If the study is not properly
designed, even sophisticated computation will be
unable to salvage the data and produce meaningful
conclusions from the expensive experiment. Extra
caution should be used to avoid potential con-
founding, and information about relevant covari-
ates should be collected and used to the greatest
possible extent.
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One of the often-overlooked sources of con-
founding in genomic studies of cancer is tumor
cellularity. Unsupervised analysis methods, such
as clustering, could be greatly affected by cellu-
larity, because some of the variation in gene
expression values in the set of samples with
varying amounts of tumor cells will be explained
by that difference in cell composition. Therefore,
some of the clusters could be driven by differ-
ences between tumor and normal tissue (or
between tumor and adjacent stroma) and not by
underlying molecular subtypes of tumor tissue,
leading to erroneous conclusions. If it is not
possible to obtain tissue samples with approxi-
mately equal, comparable cell composition the
pathologist involved in the study should record
the cellularity of each sample in order to control
for the effects of cellularity computationally.

Genomic studies must be designed with
appropriate controls. For example, if you are
interested in describing gene expression patterns
in tumors you may want to include measure-
ments from normal tissue from the same indi-
viduals in order to assess if the gene expression
patterns are tumor-specific.

8.2.2 Batch Effects

Thedata generated using high-throughput assays is
sensitive to a large variety of technical variability,
i.e., not related to the underlying biological dif-
ferences. This variability can usually be attributed
to differences in sample handling and preparation,
differences in sensitivity of microarray scanners,
calibration of the instruments and instrument drift
over time. It is not uncommon to see that the major
variability in the data arises from handling
the samples in different facilities, preparation done
by different technicians within the same facility,
using different batches of reagents, or simply
by extracting, labeling DNA/RNA, running
hybridization or sequencing of the prepared
libraries on different days. This systematic vari-
ability between groups of samples is known as
batch effects [15]. If the experiment is not planned
carefully, this variability can cause biases and false

discoveries [16]. For example, if all or almost all
tumor samples were run on one day and all normal
samples several days later, among the genes found
to be differentially expressed between tumor and
normal tissues only some will be related to true
biological differences and otherswill simply reflect
technical variability not related to the disease sta-
tus. It would be impossible to distinguish between
underlying biological mechanisms responsible for
the differences between the phenotypes and genes
differentially expressed merely due to technical
artifacts. This will compromise an experiment and
render the collected data useless [17].

For large studies, it will be impossible to
process all samples on the same day and they will
be processed in batches. Therefore, to avoid
confounding and minimize encumbering batch
effects, the samples should be randomized to the
processing batches. It is desirable to keep the
design balanced. Randomization might be espe-
cially difficult for studies where the complete set
of all samples is not available simultaneously at
the beginning of the study. This can happen, for
example, in studies that involve patient samples
from ongoing clinical trials. In such cases it is
best to consult a statistician, who will help design
a randomization protocol given the particular
properties of the trial. It is also a good idea to
obtain a large quantity of RNA by pooling sev-
eral samples and to include an aliquot of pooled
RNA in every batch of library preparations and
hybridizations/sequencing to track and to correct
for potential batch effects.

It is advisable to plan ahead to ensure that all
samples are prepared using the same reagent lot.
This might be impossible when wishing to profile
additional samples to augment previously col-
lected data and increase sample size. In this case, a
good strategy is to use the same gene expression
profiling platform. Probe design for different
microarray platforms might be different even for
the arrays made by the same manufacturer, and
probes representing the same transcript might
have different hybridization efficiencies. More-
over, for different platforms each transcript is
likely to be represented by different sets of probes,
so the measurement errors for the same gene or
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transcript might differ between the platforms. This
could alter conclusions about expression levels,
and statistical models developed based on one
platform might not properly calibrate to the data
from another platform, making combining of the
data challenging. Similar arguments hold for dif-
ferent library preparation methods for RNA
sequencing libraries—different methods introduce
different biases at each step of their protocols [18]
leading to different accuracies of the gene
expression quantification.

In practice it is difficult to control for all
nonbiological technical variation, because in
many cases the detailed information about the
sample preparation is not available. It is often
difficult to remove this kind of technical vari-
ability and it might persist even after normal-
ization (discussed later in the chapter) of the raw
data that is aimed at making data comparable
across the samples.

Several methods have been proposed to miti-
gate batch effects, but these methods should be
used in addition to, not instead of, a well-designed
experimental design. One of the most popular
methods for batch effect correction is called
ComBat [19], it implements a robust empirical
Bayes procedure to model and estimate gene-
specific additive and multiplicative batch effects,
and produces adjusted gene expression values.
There exist several modifications of the procedure
using a slower nonparametric version and faster
parametric adjustments. While nonparametric
adjustments should theoretically allow for more
flexibility and relax distributional assumptions on
the data, in practice both versions perform simi-
larly. ComBatmethod requires upfront knowledge
of the samples’ assignment to the batches.

Another popular method is called Surrogate
Variables Analysis (SVA) [20, 21]. An advan-
tage of SVA is that it does not require knowledge
of the batches and identifies and estimates sur-
rogate variables for unknown sources of varia-
tion from the observed data. The SVA method
uses singular value decomposition on the resid-
ual gene expression matrix after regressing out
primary design variables to identify signatures of
the unmodeled patterns of variation in the data
and build surrogate variables. The inferred

surrogate variables can then be used to adjust the
original gene expression data for the identified
sources of variability. A shortcoming of SVA is
that it cannot distinguish unobserved cancer
subtypes from potential batch effects and might
remove biological signal relevant for the sub-
types. For some research questions this drawback
is not critical, but if unsupervised analysis is
necessary, such as clustering to identify and
describe expression-based disease subtypes, it
might not be ideal to preprocess the data using
original SVA. A recent update to the method has
been launched to improve its performance to
preserve biological heterogeneity [22].

8.2.3 Validation Studies

When a computational model is built to predict
outcomes using high-throughput genomic data,
one of the major concerns is overfitting. In a
genomic experiment the number of observations
(samples) is usually much smaller than the
number of measured molecular features (for e.g.,
gene expression measurements). It is thus easy to
choose a relatively large number of features that
together will provide perfect or almost perfect
predictions. However, when the same model is
applied to additional datasets, it is likely to per-
form poorly, and this phenomenon is known as
overfitting. Overfitting can occur when the
algorithms optimizing performance of the model
may unintentionally fit the noise specific to that
dataset in addition to a biological signal.
High-dimensional data and large overly flexible
models derived using a small number of obser-
vations are prone to overfitting, therefore per-
formance of predictive models obtained using
high-throughput genomic data might be overop-
timistic and the models will not generalize to
other datasets—even if the samples for these new
datasets are drawn from the same population.

To avoid overfitting the model should ideally
be fit and then evaluated using independent
datasets. To increase the chances of successful
validation, it is recommended to avoid models
with very large numbers of parameters and prefer
parsimonious models. The data used to define a
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model and to estimate model parameters is called
a training set, and the data used to evaluate the
performance of the model is called a test set.
When a validation study is planned, it is best to
use a test set of completely independent samples
(individuals) chosen from a different cohort if
possible. It is also best to prepare the datasets
independently from the original samples to help
ensure that results are not specific to one cohort
and are generalizable to different patient popu-
lations. Replication using a different genomics
platform is another approach to filter out false
positives due to unaccounted batch effects or
platform-specific measurement errors. However,
model parameters might need to be recalibrated
for the new measurement scales.

Sometimes, performing a validation study is
not feasible right away, either because of bud-
getary constraints or lack of independent samples
for genomic analysis. In this case, a computational
approach called cross-validation should be
employed to evaluate model performance. In
cross-validation, the data is split into noninter-
secting training and test sets of predefined sizes.
Themodel isfit using the training set and evaluated
on the test set. This process is repeated several
times and the values used to benchmark model
performance are averaged across the test sets.
K-fold cross-validation stands for cross-validation
with K repetitions, where the data is partitioned
intoK sets, and on each repetition (K-1) subsets are
used for training with the remaining one used for
validation. Each of the K sets is used as a test set
once. Another popular version of cross-validation
is leave-one-out. This is a special case of K-fold
cross-validation with K equal to sample size, a
useful approach for smaller sample sizes, where
withholding too many samples might compromise
variable selection and model fitting. In this
approach, at each fold all but one sample are used
for training, and prediction is performed for the
single withheld sample.

It is important to design cross-validation to
include all steps of the model building procedure.
For example, if data-driven variable selection is
performed, or dimension reduction techniques
are used such as principal components directions,
the explanatory variables should be reselected or

dimension reduction directions re-estimated at
every cross-validation fold. Otherwise, using a
complete dataset at certain steps will lead to
overoptimistic estimates of the model perfor-
mance. It is useful to save selected sets of vari-
ables at each cross-validation fold and assess
how stable these sets are. Then, the final model
might use the variables that are consistently
selected to be in the model at each cross-
validation fold.

8.2.4 Using Publicly Available Data

Over the past years, thousands of genomic
experiments have accumulated in publicly
available databases such as Gene Expression
Omnibus (GEO; [23]), Array Express [24], and
Sequence Reads Archive (SRA; [25]). These
databases are a great source for additional anal-
ysis and validation. When using publicly avail-
able data one should follow all principles of
design, preprocessing, quality control, and anal-
ysis as when working on an original experiment.
Special attention should be paid to the quality
assessment of the data, including checking for
batch effects and confounding, as some pub-
lished studies have been reported to be compro-
mised by batch effects [17]. As discussed in the
previous section, a validation study should not
include samples used for model training for
similar reasons, as using duplicated samples for
validation might result in incorrect conclusions.
Sometimes samples from the same patient are
included in multiple studies (especially in series
of studies performed by the same research
group). These samples might be difficult to trace,
because they are included in the databases with
different accession numbers or run on different
platforms. Therefore, matching records should be
carefully inspected, and unusually high correla-
tions of the gene expression profiles (higher than
expected between profiles of different patients)
are examined, especially when several datasets
are used. A recently developed Bioconductor
compatible package doppelgangR [26] imple-
ments computational tools to identify duplicated
samples within and across datasets.
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8.3 Basic Principles of the
Analysis of ‘Omic-Data’

8.3.1 Preprocessing and Quality
Control

As mentioned in the previous section, gene
expression profiling data is subject to nonbiolog-
ical variability. Therefore, the raw expression
values either from microarrays or RNA-Seq
experiments are not comparable across samples.
In order to analyze the data and draw biological
conclusions, one needs to first preprocess the data.

The raw data from microarray experiments are
the fluorescence intensity values from the
oligonucleotide probes to which labeled cDNA
from the prepared samples was hybridized. The
preprocessing procedures for the microarray data
usually consist of three steps: (i) background
correction, (ii) normalization, and (iii) summa-
rization. The observed intensity values of the
probes consist of two sources: actual fluorescence
from the labeled cDNA that hybridized to the
probe and background noise fluorescence, such as
laser-induced auto fluorescence of the chip sur-
face, nonspecific binding and other related spatial
effects. The goal of the background correction is
to separate signal measuring the mRNA abun-
dances in samples from the noise. The measure-
ments from each individual chip might be on a
different scale due to varying uncontrolled con-
ditions for the hybridization reactions. The aim of
the normalization step is to bring the values to the
same scale making the values from different chips
comparable. Depending on the particular array
design, each gene or transcript could be repre-
sented by multiple probes, called the probeset. To
obtain an expression value for the gene the signal
from all probes that represent that gene should be
summarized across those probes.

Over the years researchers have suggested
many different methods for normalizing microar-
ray data. Two of the most popular methods are
Robust Multichip Average (RMA; [27]) and
dChip [28].

For background correction RMA models the
observed intensities as a convolution of an
exponentially distributed noise and normally

distributed true signal. Note that RMA uses only
the fluorescence intensities of the perfect match
probes to estimate and subtract background
effects. Assuming that the majority of the genes
will not be differentially expressed between any
experimental conditions, the distributions of
background corrected intensities of all the probes
for each array should be the same. The quantile
normalization implemented in the RMA algo-
rithm ranks the probe intensity values for each
array, and then substitutes the values for each
rank by the average of the values with the same
rank across arrays. This technique produces
identical distributions of the probe intensities for
each array. Next, a linear model is fit to estimate
an expression of each probeset corresponding to
a gene. In this model log-transformed observed
intensities of perfect match probes are modeled
as a linear function of probe effects,
log-transformed underlying true expression val-
ues plus an error term. A robust fitting approach,
such as median polish, is used to minimize the
effects of outlying probes (not all probes in a
probeset have same properties, and some might
be noisier than others potentially producing
outlying values not representative of the true
gene expression). As the summarization model
works on a log scale, the summarized values (i.e.
estimated from the model expression values) are
reported as log-transformed values. RMA
method is implemented in several Bioconductor
packages.

The dChip method uses an image gradient cor-
rection algorithm to correct for local image artifacts
by adjusting the background brightness of the
irregular region to a similar level as the background
of the surrounding region. For normalization,
dChip uses the Invariant Setmethod. In thismethod
a reference chip is chosen, for example an array
closest to the median chip, and for each of the
remaining arrays a robust normalization curve is fit
using a set of rank-invariant probes, i.e., probes
with only small within-subset rank differences. The
set of invariant probes are either inferred from the
data, or a list of housekeeping genes of the user’s
choice may be used. All probes on the array
are then corrected based on this curve. As a sum-
mary value for a gene/probeset, dChip uses a
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model-based expression index estimated from a
linear fit as a weighted average of the observed
normalized perfect match and mismatch probe
differences, with weights being probe-sensitivity
indices, also estimated from the data. The dChip
summarization model works on a linear scale, and
it is advised to log-transform resulting values for
further analysis. The dChip algorithm is imple-
mented as a stand-alone Windows software pack-
age and can be performed using Bioconductor as
well.

The raw data from an RNA-Seq experiment is
a set of short reads generated from a prepared
RNA-Seq library. The first step in processing
RNA-Seq data is aligning the reads to the refer-
ence genome or transcriptome. Several efficient
algorithms that allow mapping of splice junctions
have been proposed to align RNA-Seq reads.
Among the most popular software packages for
this task are TopHat [29, 30], STAR [31],
SOAPsplice [32]. The next step is to quantify the
gene/transcript expression. A number of algo-
rithms exist to complete this task: i.e., HTSeq
[33], SAMTools [34], RSEM [35], Cufflinks [36,
37]. Each of these tools implement different
models for assigning reads to transcripts, such as
choice of gene models, ways of handling the
reads that map to multiple locations of the gen-
ome, accounting for read quality, and detangling
expression for different isoforms. Importantly,
major preprocessing steps of the RNA-Seq data
analysis, such as alignments and counting
aligned reads that map to each gene, are very
computationally intensive, and running these
tasks on a personal computer is rarely feasible
even for a moderately sized study.

Developing methods for normalization of
RNA-Seq data is an active area of research in
bioinformatics. A key issue is correction for the
different library size or sequencing depth of the
RNA-Seq. The number of reads for each gene
should be proportional to the mRNA abun-
dances. If two samples are sequenced with a
twofold difference in the total number of reads,
twice as many reads mapping to each gene of the
sample with higher coverage are expected,
making direct comparisons between these two
samples impossible. The first and the simplest

method of normalization was proposed by Mor-
tazavi et al. [38], who suggested to use reads per
kilobase per million sequenced reads (RPKM).
The reads are scaled per kilobase (of the gene
length). Such scaling takes into account gene
length, because more reads are expected for
longer genes. It has been found that scaling to the
total number of sequenced reads might cause
biases for lower expressed genes if some small
proportion of the reads belongs to a small num-
ber of very highly expressed genes. Several
modifications to the scaling procedure have been
proposed, such as scaling to the upper quartile of
the gene counts [39]. Other sources of biases in
the read counts exist, i.e., the GC-content.
Interestingly, GC-content effects tend to be
sample specific. Some normalization methods
have been developed to account for this bias [40,
41]. RNA-Seq data is prone to batch effect as
much as the data from microarray experiments
[15].

Both raw and normalized data should be
inspected to ensure that normalization produced
data with desirable distributional properties.
Graphical exploratory analysis tools include
density plots for expression values across each
sample, boxplots and so-called MA-plots.
MA-plots usually show a rotated scatterplot of
the expression values for a chosen sample against
the median across all samples (each point is a
gene). The scatterplot is rotated so that the ver-
tical axis M represents the difference between
these values and horizontal axis A represents
average of the observed and median expression
values. When the expression values are
log-transformed, the vertical axis shows a
log-fold-change between the expressions.
Example of MA-plots is shown in Fig. 8.1. After
normalization we expect to observe similar dis-
tributions of the expression values for all sam-
ples. The MA-plots should not exhibit much
curvature, and only a moderate spread on the
vertical axis, because we expect the majority of
genes not to be different across samples. Another
useful quality assessment plot is an RNA
degradation plot. Using information about map-
ping coordinates to the genome of the probes on
the microarray or mapping locations of the reads
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from RNA-Seq and comparing observed
expression of the gene at 3′ and 5′ ends, one can
estimate and plot the slopes of the RNA degra-
dation for the samples. RNA is often better pre-
served at 3′ end. As long as all samples show
similar degradation patterns, RNA degradation
should not influence the analysis, because all
samples will be influenced consistently.

Samples with outlier expression may be a
concern, because outlying samples might influ-
ence (bias) a normalization procedure in an
undesirable way. Thus, it might be advisable to
remove these outlying samples and re-normalize
the data without them. However, caution should
be exercised when removing outliers, as they
might represent interesting biological outliers
and not technical artifacts.

Particular attention should be paid to the gene
expression data generated using archival formalin
fixed paraffin embedded (FFPE) samples. Nucleic
acids extracted from archived FFPE samples are
typically degraded, their overall quality is sig-
nificantly poorer than that of the frozen tissues
and corresponding gene expression data are much
noisier [42]. However, microarray techniques
have developed that can partially mitigate this
degradation and provide valid mRNA profiling
data within FFPE materials [43]. Samples that fail

to produce data of a reasonable quality must be
identified and excluded from the analysis (prior to
normalization, to avoid biases). It might be useful
to inspect distributional properties of the samples
as a function of the FFPE block age.

After preprocessing, proper summarization at
the gene or transcript level and, if necessary,
removing outlying observations, a data matrix is
obtained. Typically, rows represent genes and
columns represent samples. This matrix is ready
for downstream analysis and hypothesis testing.

8.3.2 Differential Expression Analysis

One of the most basic questions that can be
addressed using microarray and RNA-Seq data is
‘what genes are differentially expressed between
phenotypes or conditions of the experiment.’
When comparing mean expression values
between two experimental conditions, such as
comparing tumor and normal tissue, or short and
long term survival, statistical procedures include
simple two-sample or paired t-tests of each
individual gene or transcript, provided that
distributional assumptions are met. Log-
transformed normalized gene expression values
from microarray experiments usually do not

Fig. 8.1 An example of MA-plots for one microarray
sample with the raw (left) and normalized (right) expres-
sion values. Red lines show LOWESS smoothing curves,
blue lines correspond to zero log-fold change in expres-
sion. The log-fold changes between gene expressions in

the sample and median array (vertical axis M) are not
centered around zero for the raw data. Also, raw data
show more pronounced curvature (an undesired feature in
an MA-plot) than normalized data
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display critical departures from normality, but if
in a particular experiment they do, nonparametric
tests, such as Mann–Whitney or Wilcoxon tests
could replace t-tests. For study designs with
multiple experimental conditions and/or addi-
tional categorical and continuous covariates a
linear models approach is taken. Most familiar
are simple and multiple linear regressions,
Analysis of variance (ANOVA), and Analysis of
covariance (ANCOVA), which belong to the
family of linear models. Other commonly used
models are logistic regression to analyze binary
outcomes or Cox proportional hazards regression
used for analysis of time-to-event data.

The most commonly used tool for fitting linear
models for gene expression analysis is a Biocon-
ductor package called limma [44]. Functions of the
package use an empirical Bayes approach and
compute moderated t-statistics. In moderated t-
statistics, sample variances for each gene are
shrunk toward the pooled estimate of variance.
This approach provides robust inference even for
the smaller sample sizes [45].

Distributional properties of the microarray and
RNA-Seq data are fundamentally different. As
mentioned above, microarray-based gene
expression values, that are summarized from the
intensities of multiple probes that comprise a
probeset, and typically log-transformed, usually
approximately meet normality conditions.
RNA-Seq data is different, in that the expression
of the transcript is represented by read counts,
and is described best by a negative binomial
distribution, therefore it is inappropriate to apply
a linear models pipeline developed for microar-
rays directly.

Recent additions to the limma package allow
for analysis of the RNA-Seq data. Using a
transformation algorithm called voom [46] the
counts are transformed using a robust LOWESS
(locally weighted scatterplot smoothing) regres-
sion that estimates the mean-variance relation and
transforms the log-counts scaled to the library
size for linear modeling using the limma pipeline.

The Bioconductor package DeSeq2 takes a
direct approach and models observed raw read

counts as a negative binomial distribution with
mean equal to a value proportional to the concen-
tration of the cDNA fragments from that gene, in a
sample scaled by a normalization factor to account
for different sequencing depth, GC-content, gene
length, etc. [47]. That value proportional to the
concentration of the cDNA fragments is further
modeled using a generalized linear models
approach with a design matrix describing experi-
mental conditions. An empirical Bayes approach is
used for shrinkage of the count’s variances.

8.3.3 Correcting for Multiple Testing

When comparing groups for differentially
expressed genes several thousands of statistical
tests are performed at a time, some of which are
found to be statistically significant just by chance
due a to a type I error—incorrect rejection of the
true null hypothesis. Multiple testing correction
is applied to avoid high numbers of false positive
results. One approach is to control for the
family-wise error rate (FWER; probability of
making one or more type I errors) by multiplying
the p-values by the total number of tests, known
as the Bonferroni correction. In practice, a Bon-
ferroni correction is usually too conservative, as
it drastically reduces the size of the test, and
therefore leads to an unaffordable loss of power,
leading to type II errors—failing to reject the null
hypothesis when the alternative is true. Less
conservative modifications of the Bonferroni
correction to control for FWER are also avail-
able, for example Holm’s step-wise procedure.
Another adopted alternative to controlling FWER
is controlling False Discovery Rate (FDR). FDR
is an expected proportion of errors among the
rejected hypothesis [48], and is less conservative
than controlling FWER while providing a good
control for multiple testing. Several procedures
have been proposed to calculate FDR, such a
Benjamini and Hochberg [48], Benjamini and
Yekutieli [49], q-value [50], empirical Bayes
[51], etc. Most bioinformatics software reports
both p-values and FDR.
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8.3.4 Principal Components Analysis

Principal components analysis (PCA) is an
unsupervised statistical technique that identifies
uncorrelated (orthogonal) directions of the lar-
gest variability in the data by finding an appro-
priate rotation. It is usually used to obtain a
lower dimensional representation of the high-
dimensional data. Modifications of PCA for
sparse data and supervised versions have also
been proposed. While there is no guarantee that
the component representing the largest variability
found by PCA will be associated with the vari-
ables of biological interest, in practice for
well-designed experiments with a strong signal
that defines the phenotypes in the gene expres-
sion data, PCA works well and can be useful for
data visualization.

However, sometimes the largest variability in
the data will be associated with known technical
variables, such as batches. In this case these
unwanted effects could be removed by regressing
out principal components associated with non-
biological variability. This approach is widely
used in genome-wide association studies to
adjust genotypes for individual’s ancestry [52].

Another useful PCA application is summa-
rizing expression activity of a pathway with a
reduced number of observations (as compared to
representing a pathway by a vector of expression
values of all genes that belong to the pathway) or
even by a single number [53]. The principal
components directions are calculated using the
expression values of the genes that belong to the
pathway of interest, and projection of the original
data onto first several principal components
directions is then used for further analysis. The
number of directions to use is usually decided
based on the percent of total variation explained
by each component.

8.3.5 Gene Sets (Pathway) Analysis

Gene sets, or pathways analysis (GSA) is one of
the easiest and most popular ways to interpret a
list of genes resulting from differential gene
expression or similar type of analysis in terms of

biological concepts. GSA allows to determine
whether a list of genes share features like par-
ticipating in the same biological processes or
metabolic pathway, are a target of a common
transcription factor, or belong to the same func-
tional module. It is not uncommon that similarly
designed studies report nonintersecting lists of
‘top’ genes. This could be due to differences in
the assays that were used to obtain expression
data, differences in power of the studies, and
other sources of variability that are beyond con-
trol. Results obtained at the gene sets level tend
to be more stable across the studies. Addition-
ally, each gene might not contribute enough to
the difference between the phenotypes to be
detected at the individual level, but moderate
changes across many genes that belong to the
same pathway might.

There are several computational methods to
perform gene sets analysis, each answering a
slightly different scientific question [54]. For the
purposes of this section, by gene sets and path-
ways we will mean collections of the genes
assigned to non-exclusive groups according to
some annotation. While there exist sophisticated
methods that take into account directional rela-
tionships between the genes, here we describe
basic methods that do not take those relationships
into account. The choice of gene set collections
for a particular analysis is entirely dictated by the
scientific question one is trying to answer, and it
is common to consider several collections. The
Broad Institute, for example, maintains a data-
base of curated gene sets that are organized into
several collections that is called the Molecular
Signatures Database (MSigDb; [55]).

GSA methods can be divided into two classes:
“cut-off” (or overrepresentation) and “non
cut-off” based. Cut-off methods take a list of
genes, usually resulting from filtering of a ranked
list of differentially expressed genes, and tests
whether the genes that belong to a gene set are
overrepresented in that list. Hypergeometric or
Fisher’s exact tests are usually used to test the
null hypothesis that observing the genes from the
gene set in a predefined list of a given size
happened by chance, i.e., if the list was selected
from a universe of all genes at random. The
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cut-off methods are subjective, in a sense that if
one chooses a different threshold for selecting
genes the resulting significantly overrepresented
genes sets or pathways could be different.
However, these methods are still useful when the
ranking for all genes is not available, or when the
gene list of interest was not obtained directly
from the differential gene expression analysis,
but was selected in some other way, for example
by a variable selection procedure that optimizes
discrimination between two phenotypes in a
multivariate model.

The non cut-off based methods, as evident
from the name, use an entire list of genes mea-
sured in an experiment. The inferential procedure
typically consists of two steps. In the first step, a
gene-to-phenotype association score is calcu-
lated. Almost any gene-level statistic that mea-
sures the strength of the association between the
expression of a gene and phenotype can be used.
For example, one can use a t-statistic, a likeli-
hood ratio statistic, their corresponding p-values,
a standardized coefficient from a regression
model, where the expression of a gene was used
as predictor and phenotype as a response vari-
able, etc. In the second step, a summary statistic
for each gene set is calculated and a statistical
test is performed to find gene sets for which such
a value is unlikely to be observed by chance. For
example, we can compare the distribution of
ranks of genes that belong to a pathway of
interest to the genes that do not belong to that
pathway using the Wilcoxon test. From the
standpoint of the null hypothesis, this is a
‘competitive’ test, because a given gene set is
compared to the rest of the observed genes and
phenotype labels are fixed. Another type of null
hypothesis that can be tested is called
‘self-contained.’ In this case, one tests if the
distribution of the ranks of the fixed set of genes
constituting the set is different from the distri-
bution when the gene set is not associated with
the phenotype. We can obtain the distribution of
the gene set statistic under no association with
phenotype by permuting the phenotype labels
and repeating the procedure multiple times.

One of the frequently used non cut-off GSA
methods is called Gene Sets Enrichment Analysis

(GSEA; [56]). This method uses the modified
Kolmogorov–Smirnov statistic to summarize the
distribution of the gene-to-phenotype association
scores within each gene set and tests its signifi-
cance by permuting phenotype labels. Another
group of GSA methods are called ‘global’ tests.
These methods directly test for an association
between a group of genes constituting a gene set
or pathway with a phenotype. For example, after
fitting a generalized linear model with phenotype
as the outcome and genes that belong to a set of
interest as predictors, one tests the null hypothesis
that none of the genes in the model are predictive
of the phenotype (i.e., all model coefficients are
zero).

There is a wide variety of methods for gene
sets analysis, and depending on the procedure,
the methods will be effective for specific patterns.
Some methods will be tailored to discover gene
sets where a small number of genes have a very
large difference between the phenotypes, while
others tend to prefer sets where the majority of
the genes have at least a modest difference in the
comparisons of interest.

Another useful modification to traditional
GSA is the single sample Gene Sets Enrichment
Analysis (ssGSEA) that extends the GSEA
method [57]. This method uses a similar statistic
as GSEA, but instead of gene-to-phenotype
association scores, it considers ranking of the
absolute genes expression values within each
sample, and evaluates the tendency of coordi-
nated over-or under-expression of the genes in a
set. The ssGSEA can be used as a dimension
reduction technique to obtain pathway summary
scores for further analysis, for example, as vari-
ables for building classifiers, unsupervised clus-
tering, etc.

Since GSA involves performing multiple sta-
tistical tests, p-values should be corrected to
control for multiple comparisons.

8.4 Summary

In this chapter, we introduced the basic principles
of designing and analyzing studies of high-
throughput molecular data. We discussed the
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importance of proper planning and design of the
initial discovery studies, the dangers of batch
effects and how to minimize their damage. We
explained why validation studies are necessary
and how to use computational method cross-
validation when additional samples to conduct
separate validation studies cannot be obtained.
We mentioned some hidden obstacles in the
analysis of publicly available data and got
acquainted with several common algorithms and
methods for gene expression data preprocessing
and analysis. This information should help the
readers to understand the powers and limitations
of genomic data in order to lead successful,
reproducible genomic studies.
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9Epidemiology of Prostate Cancer

Lorelei A. Mucci, Kathryn M. Wilson
and Edward L. Giovannucci

9.1 Clinical Presentation
of Prostate Cancer

9.1.1 Introduction

Prostate cancer is among the commonly diagnosed
cancers amongmen around the world. The clinical
presentation and diagnosis of prostate cancer has
changed substantially over time, with the propor-
tion of advanced stage tumors decreasing consid-
erably over time. This decrease is partially
explained by a shift in detecting cancers earlier at a
more treatable stage, as well as an increase in the
proportion of latent cancers that are overdiagnosed
since the introduction of screening by prostate
specific antigen (PSA) in the 1990s.

9.1.2 Symptoms

The anatomical location of the prostate sometimes
results in symptomatic disease among men with
prostate cancer. These symptoms include
increased urinary frequency, nocturia, and urg-
ency which results from the cancer obstructing the
urethra. In addition, erectile dysfunction can be an
early symptom of cancer. The urinary and sexual
symptoms are not specific to prostate cancer, and

can arise from benign conditions including benign
prostatic hyperplasia. The primary site of metas-
tasis in prostate cancer is to bone, and thus some
men with metastatic disease can present with pain
in the hips, spine or ribs. In the current era of PSA
screening, most men with prostate cancer are
asymptomatic at the time of diagnosis.

9.1.3 Diagnosis

Screening with the blood marker PSA became
widespread in the United States (US) in the early
1990s, and late 1990s in other western countries.
In the era of screening, most prostate cancers are
initially identified with a PSA blood test and/or a
digital rectal exam [1]. PSA is used as a screening
tool among asymptomatic men or as a follow-up
test for men whose symptoms may raise the sus-
picion of prostate cancer. Most guidelines suggest
using PSA levels of above 4.0 ng/ml to warrant an
ultrasound guided prostate biopsy, which is ulti-
mately used to diagnose the cancer. After a pros-
tate cancer diagnosis, a patient may undergo a
series of imaging tests to assess whether the cancer
has spread beyond the prostate including bone
scans to detect presence of bone metastases,
computed tomography (CT) to assess whether the
cancer has spread to local lymph nodes, or a
magnetic resonance imaging (MRI) scan to assess
potential spread to seminal vesicles or adjacent
organs [1]. For most men whose cancer is sus-
pected to still be confined to the prostate, no
imaging is performed.
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9.1.4 Treatment

Initial treatment for men with prostate cancer is
basedon thestageandgradeof thecancer, aswell as
other clinical factors that predict the likelihood that
a man’s cancer will progress to metastatic disease.
For men with a cancer that appears to still be
localized to the prostate, there are three main
options at diagnosis: active surveillance, prostate-
ctomy (surgery) or radiation therapy [1, 2]. During
active surveillance, a man receives no initial treat-
ment but is monitored closely by his physician
through regular PSA tests, biopsies and clinical
assessments. Active surveillance is appropriate for
men whose cancer has the lowest risk of progres-
sion. Treatment with a curative intent through
surgery or radiation has been shown to reduce the
risk of cancer-specific mortality [3], although
many men with low risk prostate cancer are
“over-treated” as their risk of progression during
their lifetime is low [4]. For men with a localized
but high risk prostate cancer, adjuvant androgen
deprivation therapy (ADT) has been shown to
improve cancer outcomes in conjunction with
surgery or radiation [5]. For men with advanced
prostate cancer,ADT is thefirst line of therapy, and
recent data suggests chemotherapy and ADT
togethermay significantly prolong life amongmen
with newly diagnosedmetastatic disease [6]. In the
past few years, several new therapies have been
approved for the treatment of men whose cancer is
no longer responsive to ADT [7].

9.2 Descriptive Epidemiology
of Prostate Cancer

9.2.1 Introduction

Prostate cancer contributes substantially to can-
cer incidence and mortality rates among men
internationally, particularly among men in west-
ernized countries [8]. A comparison of incidence

and mortality across populations as well as trends
over time can provide hints about the role of
lifestyle factors or screening patterns.

9.2.2 Incidence

More than 1.1 million men are diagnosed with
prostate cancer globally,making it the secondmost
commonly diagnosed cancer after lung [9]. In the
US, prostate cancer is the most common cancer
among men and 180,890 are expected to be diag-
nosed in 2016.The lifetime risk of beingdiagnosed
with prostate cancer in the US is 1 in 7 [10].

Prostate cancer incidence shows some of the
greatest variation globally of any cancer (Fig. 9.1),
with a 40-fold difference in age-adjusted incidence
rates between men with the highest (African–
American men in the United States) and lowest
(Japanese and Chinese men living in their native
countries) incidence. Part of the variation in inci-
dence rates across populations can be explained by
differences in diagnostic intensity, primarily due to
PSA screening. However, geographic differences
in prostate cancer incidence were evident even
before the introduction of PSA screening in the
early 1990s, highlighting a potential role of life-
style factors in disease risk.Migrant studies further
support a role of lifestyle factors. Prostate cancer
incidence and mortality rates increase among men
who migrate from low-risk (e.g. Asia) to high-risk
(e.g. US) countries compared to those in their
native countries, although rates remain below the
host countries rates [11, 12].

Age-adjusted incidence rates have increased in
notable patterns over time across the world
(Fig. 9.2), particularly in the United States, Eur-
ope, and Australia, paralleling the uptake of PSA
screening. However, incidence rates have also
increased in Japan and some other Asian and
Eastern European countries where PSA testing has
to date not been widely used [13]. PSA screening
has also led to a shift in stage presentation, with an
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increased proportion of localized prostate cancer
disease as well as an earlier age at diagnosis [14].
Another consequence has been the substantial
overdiagnosis of prostate cancer, i.e. the detection
of a significant number of cancers that may never
have come to light clinically nor harmed a man
during his lifetime [15, 16].

Additionally, PSA screening has likely been
changes in the observed associations between
specific lifestyle factors and risk of total prostate
cancer in epidemiological studies. First, lifestyle
factors may impact prostate cancer at various
stages from initiation to progression to metas-
tases. As such, the associations may differ
according to disease clinical characteristics, such
as those defined by cancer stage or tumor grade
[17]. Indeed, it seems unlikely that the factors
associated with development of indolent cancers
would be similar to those associated with cancers

demonstrating malignant potential. Second, PSA
screening is a strong potential confounder, as
screening behaviors tend to be associated with
other healthy behaviors as well as strongly
associated with prostate cancer incidence. Thus,
an assessment of the quality of epidemiological
studies in prostate cancer should include an
evaluation of the ability of the study to integrate
information on PSA screening.

9.2.3 Mortality

An estimated 307,000 men died of prostate
cancer worldwide [9], with a 10-fold variation in
mortality rates among countries (Fig. 9.3). The
highest prostate cancer mortality rates are among
men in Caribbean countries as well as parts of
Africa. Prostate cancer is the second most

Fig. 9.1 Comparison of prostate cancer incidence rates globally. Rates are age-adjusted for comparisons across
countries and are presented per 100,000 in the population. Globocan 2012
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common cause of cancer death among men in the
United States, with 26,120 cancer deaths expec-
ted in 2016 [10]. Over the past decade, prostate
cancer mortality rates have shown declines in
many westernized countries. The reasons for this
decline remain controversial, but may be attri-
butable in part to earlier detection of prostate
cancer through PSA screening and subsequent
earlier treatment [18]. In contrast, mortality rates
from prostate cancer are rising in countries
throughout Africa.

Mortality rates are estimated as the number of
cancer deaths per 100,000 in the population, and
these rates are influenced as a function of both the

incidence of the disease and survival among pros-
tate cancer patients. The ratio of incidence to
mortality rates range from 10:1 in North America
and Australia to 2:1 in Central America and Car-
ibbean to 1.2:1 in parts of Africa. Part of these
differences can be attributed on the one hand to the
slow growing cancers diagnosed as a result of PSA
screening [19, 20] and on the other due to later
presentation of disease in countries with little
diagnostic intensity.

More than 4 million men are prostate cancer
survivors living with a cancer diagnosis around
the world, of whom 2.7 million are in the United
States [10].

Fig. 9.2 Trends in age-adjusted prostate cancer incidence rates over time in selected populations. Rates are presented
per 100,000 in the population. Globocan 2012
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9.3 Risk Factors

9.3.1 Introduction

The prevention of prostate cancer has the poten-
tial to improve health and reduce suffering from
this common disease. The disease is heteroge-
neous in its biological potential, and this hetero-
geneity is an important feature of the disease.
While some men have an aggressive form of
prostate cancer, most others have a slow growing
or indolent form of disease, and risk factors for
total versus aggressive prostate cancer may differ.
Below, we discuss the evidence surrounding
specific lifestyle and dietary factors as potential
risk factors for prostate cancer overall as well as
for cancers with a lethal potential.

9.3.2 Risk Factors for Total
Prostate Cancer

There are few established risk factors for the
incidence of total prostate cancer: older age,

African–American race, and positive family his-
tory. Moreover, there are now more than 105
genetic risk loci that have been identified and
confirmed in genome wide association studies
[21, 22] in ethnically diverse populations. Taller
height is also a probable risk factor for total
prostate cancer [23]. It is important to note that
none of these factors are modifiable.

Older age is one of the strongest risk factors
for prostate cancer. Prostate cancer rarely is
diagnosed among men before the age of 40 years.
As with other epithelial cancers, the incidence
rates of prostate cancer increase exponentially
from around age 55 years, a pattern observed
across multiple populations. PSA screening
diagnoses cancers 10-years earlier than through
symptomatic disease (lead-time), and thus wide-
spread screening has led to a shift to an earlier
average age of cancer diagnosis. The median age
at diagnosis among US men is 66 years.

Prostate cancer incidence and mortality rates
differ substantially by race/ethnicity. In the US,
incidence and mortality rates are highest among
black men (Fig. 9.4), with mortality rates that are
2.4 times greater than among white men. The

Fig. 9.3 Comparison of prostate cancer mortality rates globally. Rates are age-adjusted for comparisons across
countries and are presented per 100,000 in the population. Globocan 2012
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reasons for the disparity in prostate cancer rates
among black men are unknown, although there is
some data to suggest differences in access to
care and stage at diagnosis may in part explain
the differences in prostate cancer mortality [24].
Both incidence and mortality rates are lower
among Asian/Pacific-Islanders, Native Ameri-
cans, and Hispanic men than among non-Hispanic
whites [10].

Data from family and twin studies provide
strong evidence of a role of family history in
overall prostate cancer risk. Men whose father or
brother is diagnosed with prostate cancer have a
2–3-fold higher risk than men without a family
history. For men with a positive family history in
both the father and a brother, the risk increases
almost 9-fold [25]. Family history has also been
associated with an increased risk of lethal pros-
tate cancer. The risk of death from prostate
cancer is approximately two-fold higher for men
with a father or a brother who died of prostate
cancer compared to men with prostate cancer
who do not have a positive family history [26].

The familial aggregation of prostate cancer
incidence is in large part due to genetic factors
[27] with an estimated heritability from twin

studies of 56 % [28]. Multiple genome-wide
association studies have been conducted to
identify common single nucleotide polymor-
phisms (SNPs) associated with prostate cancer
incidence [29]. To date, more than 105 prostate
cancer risk loci have been confirmed across
multiple studies [21, 30], and these loci explain
about one-third of the heritability. Most of the
identified germline risk loci do not appear to be
more strongly associated with lethal or nonlethal
prostate cancer [31, 32], suggesting that inherited
factors may play a role quite early in the patho-
genesis of the disease. There are notable differ-
ences in the prevalence of several of the genetic
risk loci by race/ethnicity men [33], which could
account for at least part of the difference in
incidence rates.

9.3.3 Risk Factors for Advanced
Prostate Cancer

9.3.3.1 Obesity and Weight Change
The obesity epidemic looms large globally, with
1.5 billion adults estimated in 2008 to be over-
weight or obese [34]. In the US, one-third of

Fig. 9.4 Incidence and mortality of prostate cancer by race/ethnicity in the United States. Rates are age-standardized
for comparisons and presented per 100,000 in the population. SEER Registry data
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adults were obese defined as having a body mass
index (BMI) ≥30.0 kg/m2 [35]. Obesity dysreg-
ulates multiple hormonal pathways, including
higher levels of insulin, lower levels of adipo-
nectin, lower levels of testosterone and sex hor-
mone binding globulin, higher estradiol and
higher levels of inflammatory cytokines [36–39].

The relation between body size and incidence
of prostate cancer is complex [17, 23, 36, 40–
42]. Obese men are at higher risk of developing
advanced stage prostate cancer and have higher
rates of recurrence and cancer-specific mortality
after diagnosis [33, 42]. A meta-analysis of 6
cohort studies found that among men with
prostate cancer, a 5 kg/m2 increase in BMI was
associated with a 20 % (95 % CI: 0.99–1.46)
increased risk of prostate cancer-specific mor-
tality [42]. The association between obesity and
poor prostate cancer outcomes do not appear to
reflect solely differences in screening, as similar
associations are seen after adjusting for stage and
grade at diagnosis.

Higher pre-diagnosis levels of C-peptide, a
circulating marker of insulin secretion, were
associated with increased cancer-specific mor-
tality, independent of BMI [36]. Men who were
both overweight and who had high insulin levels
had a 4-fold greater risk of death. However, two
prospective studies found no association between
pre-diagnosis C-peptide and risk of aggressive or
advanced disease [36, 43]. Understanding drivers
of the association with obesity are critical to
understand mechanisms and guide prevention.

Abdominal obesity, as measured by waist cir-
cumference, may indicate a more metabolically
active obesity. In the European Prospective
Investigation into Cancer and Nutrition (EPIC) of
150,000 European men, waist circumference was
positively associated with risk of advanced pros-
tate cancer with a 1.06 times greater risk with a
5 cm increase in circumference [44]. Waist cir-
cumference was also significantly associated with
more aggressive disease in the Melbourne Col-
laborative Cohort Study [45], but not in the Health
Professionals Follow-up Study (HPFS) [46].

Several cohort studies have examined adult
weight change and the risk of prostate cancer.
Overall, weight gain from early adulthood (age 18

or 21) to mid-life was not associated with prostate
cancer incidence in all [46–54] but one study [55].
Only one study has examinedweight change in the
period shortly before and after prostate cancer
diagnosis and the risk of recurrence, measured by
post-treatment PSA increase [56]. This retrospec-
tive cohort study found that weight gain from five
years before treatment by prostatectomy to one
year after treatment was associated with statisti-
cally significant increase in recurrence, while
weight loss was non-statistically significantly
associated with lower risk of recurrence.

9.3.3.2 Physical Activity
Physical activity has not been associated with
overall prostate cancer risk. However, several
studies report an inverse association between
recreational physical activity and the risk of
advanced prostate cancer. The HPFS [57] and the
CancerPreventionStudy (CPS) II [58] studies both
reported lower risks ofmore advanceddiseasewith
increasing physical activity. In the CPS II, men
reporting the greatest physical activity per week
had a relative risk for aggressive cancer (high stage
or grade) of 0.69 (95 % CI: 0.52–0.92). The EPIC
cohort found no association between recreational
physical activity and advanced or high-stage dis-
ease; however, activity levels were substantially
higher in this cohort, and the reference group
included men with up to 25 MET-hours per week.

Among 2705 men with prostate cancer, those
who exercised vigorously for 3 or more hours per
week had a 61 % lower risk of prostate
cancer-specific mortality than those with less
than one hour per week of vigorous activity (RR
0.4, 95 % CI: 0.2–0.8) [59]. Both vigorous and
non-vigorous activities were associated with
lower risk of all-cause mortality among these
men with prostate cancer. Similarly, brisk walk-
ing was associated with a lower risk of recur-
rence (RR 0.4, 95 % CI: 0.2–0.9) for those
walking 3 or more hours per week versus easy
walking for less than 3 h per week [60].

9.3.3.3 Smoking
As with other factors, smoking is not associated
with total prostate cancer incidence. However,
the latest review of evidence by the United States
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Surgeon General concluded that smoking is a
“probable” risk factor for prostate cancer mor-
tality [61]. In HPFS, greater pack-years of
smoking in the 10 years prior to prostate cancer
diagnosis were associated with an increased risk
of lethal disease, whereas total lifetime smoking
was not associated with risk [62]. However,
current smokers report less PSA testing than
non-smokers [63], and the positive associations
between smoking and prostate cancer mortality
may be due in part to later diagnosis and treat-
ment of these cancers among smokers.

Smoking may also influence cancer-specific
outcomes by influencing response to treatment.
Studies in specific treatment populations have
consistently reported worse outcomes for smok-
ers than non-smokers among prostate cancer
patients treated with radiation, ADT, and radical
prostatectomy [64–68].

To date, one prospective study of smoking
and cancer-specific mortality among men with
prostate cancer has been published [69]. Among
5366 men diagnosed with prostate cancer in the
HPFS, there were 524 prostate cancer deaths.
The relative risk of prostate cancer-specific
mortality was 60 % higher (95 % CI: 1.1–2.3)
among current versus never smokers after
adjusting for potential confounders. The relative
risk was attenuated, although still elevated, when
models were further adjusted for stage and grade,
which may suggest that part of the relationship
between smoking and prostate cancer mortality is
through its influence on these clinical parameters.
The increased risk of prostate cancer-specific
mortality was restricted to men diagnosed with
localized or locally advanced cancer (stage T1–
T3). Former smokers who quit 10 or more years
before diagnosis or who had smoked less than 20
pack-years had the same risk as never smokers.

The possible biological basis for an associa-
tion between smoking and risk of advanced
prostate cancer or survival among men with
prostate cancer is not clear, but several mecha-
nisms have been proposed [69]. Tumor promo-
tion through carcinogens from tobacco smoke is
a possibility, with several studies finding
prostate-cancer specific mechanisms in animal
and in vitro studies.

9.3.3.4 Antioxidants
Several dietary antioxidants, including selenium,
Vitamin E, and lycopene/tomato sauce have been
investigated with respect to prostate cancer
incidence. Antioxidants are compounds that
inhibit the oxidation of other species, thereby
limiting the damaging effects of oxidation in
animal tissues. Oxidative stress may damage
molecules including proteins and DNA, and has
been implicated in carcinogenesis.

Vitamin E and Selenium. Vitamin E generally
refers to a group of fat-soluble compounds that
include tocopherols and tocotrienols. Alpha-
tocopherol is the biologically most active form,
and current US dietary recommendations are
based on alpha-tocopherol alone. Possible anti-
carcinogenic actions of vitamin E include its
ability to reduce DNA damage and inhibit
malignant cellular transformation [70, 71]. In
experimental models, derivatives of vitamin E
inhibit growth, induce apoptosis [72] and
enhance therapeutic effects in human prostate
cancer cells [73].

Secondary results of the Alpha-Tocopherol
Beta-Carotene Cancer Prevention (ATBC) Study
[74] showed a 32 % reduction in prostate cancer
risk among men assigned to alpha-tocopherol
supplementation compared to placebo [75].
Another trial of a variety of nutrients found that
vitamin E (in combination with selenium and
beta-carotene) reduced overall cancer mortality
[76]. These results, along with laboratory evi-
dence and some epidemiologic support, moti-
vated two trials of vitamin E supplementation on
the risk of prostate cancer.

The Selenium and Vitamin E Cancer
Prevention Trial (SELECT) primary prevention
study of 50,000 men, planned for 7–12 years,
was stopped early because of lack of efficacy for
risk reduction. The initial report based on an
average of 5.5 years of treatment, found a
non-significant suggestion of increased prostate
cancer risk among men receiving 400 IU/day of
alpha-tocopherol [77]. With additional follow-up
the vitamin E group was found to have a statis-
tically significant increase in prostate cancer risk
(RR 1.17, 99 % CI: 1.00–1.36, P = 0.008,
among 1149 cases) [78]. Interestingly, there was
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no statistically significant increased risk of
prostate cancer in the vitamin E and selenium
combination group, suggesting the two may
interact. The Physicians Health Study II (PHS II),
conducted contemporaneously with SELECT,
found no effect on the incidence of prostate
cancer (RR 0.97, 95 % CI: 0.85–1.09), with a
dose of 400 IU/day for a median of 8 years of
follow-up [79].

All men in the ATBC trial were smokers, and
the cancers were diagnosed outside the context of
PSA screening, and were generally aggressive. In
the VITamins And Lifestyle (VITAL) study, a
cohort study specifically designed to examine
supplement use and future cancer risk, a 10-year
average intake of supplemental vitamin E was
not associated with a reduced prostate cancer risk
overall but it was associated with a reduced risk
for advanced prostate cancer (regionally invasive
or distant metastatic, n = 123) (HR 0.43, 95 %
CI: 0.19–1.0 for 10-year average intake ≥400
IU/day vs. non-use) [80]. In a prospective study
of plasma vitamin E and prostate cancer mor-
tality, there was a reduced risk associated with
higher circulating levels limited to smokers,
although the number of cases was small (<30)
[81]. Other epidemiological studies have simi-
larly found a protective effect limited to smokers
[82–84].

The SELECT and PHS II trials were done in
the PSA screening era, and had small numbers of
current smokers. Thus neither trial could address
the effect of alpha-tocopherol specifically on
advanced or fatal prostate cancers, or among
current smokers. However, the results overall do
not support the use of supplemental vitamin E for
prostate cancer prevention.

The trace element selenium is not an
anti-oxidant per se, but plays an important role as
an essential element for the antioxidant enzyme
glutathione peroxidase [85] as well as other
selenoproteins involved in exerting anti-tumor
effects [86, 87]. Dietary intake of selenium
depends on the selenium content of soil in which
foods are grown, which varies greatly by geo-
graphic area. Ecologic studies have suggested an
inverse association between selenium soil con-
tent and prostate cancer incidence [88]. Because

selenium content in specific foods vary as a
function of the selenium content of the soil,
epidemiological studies of selenium require
biomarkers, primarily measuring levels in blood
or toenails. Since the activity of some selenoen-
zymes plateau with higher selenium level [89],
the chemopreventive effect of selenium may be
greatest in populations with low selenium expo-
sure [90].

The Nutritional Prevention of Cancer Trial
found a 63 % reduction in prostate cancer risk
among men taking selenium supplements [91];
with additional follow-up time, the protective
effect was limited to those with low baseline
levels of PSA or selenium [90]. Another trial of
selenium (with vitamin E and beta-carotene)
found a reduction in total cancer mortality in
China [76]. The SELECT trial found no associ-
ation between selenium and prostate cancer risk
(RR 1.09, 99 % CI: 0.93–1.27; P = 0.18).
Moreover, baseline selenium levels were not
associated with total prostate cancer risk, nor did
levels modify the association between selenium
supplementation and risk [92].

Six prospective biomarker studies have
reported significant associations between higher
levels of selenium and reduced prostate cancer
risk [92–98], particularly for advanced disease
[93, 94, 97], however, not all epidemiological
studies have reported a protective association of
selenium [99–101]. Furthermore, two random-
ized studies found no effect of selenium supple-
mentation, alone or in combination, in reducing
progression of high-grade prostatic intraepithelial
neoplasia (PIN) to invasive cancer [102, 103].

In conclusion, there is some evidence that
selenium may play a role in prostate cancer
biology; however, there is no evidence to support
the use of selenium supplements to prevent
prostate cancer.

Lycopene and Tomato-Based Products The
carotenoid lycopene is found in high quantities in
tomato and tomato-based products, as well as
pink grapefruit, and watermelon [104]. Lycopene
accumulates in high levels in prostate tissue, and
given its role as a potent antioxidant, is plausible
as a potential protective factor for prostate can-
cer. This hypothesis has been tested in multiple

9 Epidemiology of Prostate Cancer 115



studies that have investigated lycopene, or
lycopene-rich food, such as tomato and
tomato-based products, in relation to prostate
cancer risk [105–125]. In a meta-analysis of
studies published up to 2003 [126], high intakes
of tomato or tomato-based products was associ-
ated with a 10–20 % reduction in prostate cancer
risk. For the serum-or plasma-based studies, high
concentrations of lycopene conferred a 25 %
reduction in prostate cancer risk. More recent
epidemiological studies of lycopene and prostate
cancer showed mixed results, with some sup-
porting an inverse association [118, 119, 127,
128], and others null [108, 109, 117, 120,
122, 129].

The association between tomatoes and prostate
cancer has been studied extensively in the epi-
demiological literature, with evidence suggesting
a significant benefit associated with a higher
intake of tomatoes, particularly cooked tomatoes,
or lycopene, the major antioxidant in tomatoes. In
a meta-analysis of 10 prospective cohort or nested
case-control studies, the relative risk of prostate
cancer among consumers of higher amounts of
raw tomato (5th quantile of intake) was 0.89
(95 % CI 0.80–1.00) [126]. For cooked tomato
products, which are more bioavailable sources of
lycopene than fresh tomatoes [130], the summary
RR was 0.81 (95 % CI 0.71–0.92) comparing
extreme categories of intake. The results from
cohort studies generally indicate a 25–30 %
reduction in risk of prostate cancer, whereas
dietary-based case-control studies are not sup-
portive of an association. For example, the sum-
mary RR for intake of one serving/day of raw
tomato was 0.97 (95 % CI: 0.85–1.10) for the
case-control studies and 0.78 (95 % CI: 0.66–
0.92) for cohort studies [126].

The 2004 meta-analysis found an inverse
association in studies of plasma lycopene and
prostate cancer risk, with corresponding sum-
mary relative risks of 0.55 (95 % CI: 0.32–0.94)
for case-control studies and 0.78 (95 % CI: 0.61–
1.00) for cohort studies [126]. An additional
nested case-control study not included in the
meta-analysis found a modest, not statistically
significant, inverse association overall, and a
significantly reduced risk with higher levels

among men over 65 years old and among those
without a family history of prostate cancer [127].
However, more recent studies have found no
associations with serum lycopene [118, 120, 122,
123, 129]. It is possible that these conflicting
results are due, in part, to the changing mix of
prostate cancer cases diagnosed with PSA
screening [131], which has increased the pool of
biologically indolent cancers.

Indeed, epidemiological studies generally
point to a stronger reduction in risk of advanced
stage or lethal prostate cancer, suggesting that
tomato products and lycopene may play a role in
prostate cancer progression. For example, in the
HPFS, the associations comparing high and low
quintiles of lycopene intake were 0.91 (0.84–
1.00) for total prostate cancer and 0.72 (0.56–
0.94) for fatal or metastatic disease [92]. This
study also found that higher lycopene intake was
associated with biomarkers indicating lower
angiogenic potential in tumor specimens. In the
EPIC study based on 966 total cases and 205
advanced stage cases of prostate cancer, there
was no association between plasma lycopene and
overall risk, but men in the top quintile of plasma
lycopene had a significantly reduced risk of
advanced stage prostate cancer (RR 0.40, 95 %
CI: 0.19–0.88) [118].

Although not definitive, the available data
suggest that increased consumption of tomato
and tomato-based products is associated with
lower prostate cancer risk and progression.
Whether the effect is driven through lycopene or
other aspects of tomatoes remains undetermined.
The relationship appears to be stronger for
advanced prostate cancer than for indolent
disease.

9.3.3.5 Calcium, Dairy Products,
and Vitamin D

Calcium intake has been associated with an
increased risk of prostate cancer in many but not
all epidemiological studies. A meta-analysis in
2005 found an increased risk of 1.39 (95 %
CI = 1.09–1.77), for extreme categories of cal-
cium intake [132]. Since the meta-analysis, four
new prospective cohorts studies found some
suggestion of an increased risk of prostate cancer
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with higher calcium [133–136] while five studies
found no associations [109, 135, 137–140]. Total
calcium intake varied widely across study pop-
ulations: the highest category of intake was less
than 1000 mg/day in three studies, whereas the
highest category was greater than 2000 mg/day
in three other studies [134, 135, 137–140]. Some,
but not all, studies have reported stronger asso-
ciations between high intake of calcium and risks
of aggressive forms of prostate cancer, defined
by high grade, or advanced or lethal prostate
cancer [17, 141, 142].

The association between serum calcium and
risk of prostate cancer also has been examined in
several prospective studies. Serum calcium was
associated with an increased risk of fatal disease
in National Health and Nutrition Examination
Survey (NHANES) I and NHANES III [143,
144] with a RR of fatal prostate cancer of 2.68
(95 % CI: 1.02–6.99). Similar increases in risk
were seen for both total serum calcium and ion-
ized serum calcium, the biologically active
component. Two nested studies of Swedish men
found no association between serum calcium and
overall risk of prostate cancer [145, 146]; in fact,
there was a weak inverse association with overall
risk in one study [146]. This study also found no
indication of an association between serum cal-
cium and risk of fatal prostate cancer. Circulating
calcium levels are tightly regulated and are
related to diet only at very high levels of intake,
so it is unclear how this finding relates to dietary
calcium intake, if at all. However, it suggests a
role for calcium, vitamin D, and perhaps related
factors, such as parathyroid hormone, in the eti-
ology of lethal prostate cancer.

Dairy foods, a major dietary source of cal-
cium, have also been associated with risk, with a
meta-analysis reporting a RR of 1.11 (95 % CI:
1.03–1.19) for total dairy, 1.06 (95 % CI: 0.91–
1.23) for milk; and 1.11 (95 % CI: 0.99–1.25)
per serving for cheese [132]. Most [133, 139,
147], but not all [135, 148] studies published
since this meta-analysis have tended to support
an association between higher milk or dairy
consumption and total prostate cancer risk.
However, findings specifically for advanced or
lethal cancer are mixed [107]. The correlation

between dairy foods and calcium and other
nutrients creates challenges in trying to disen-
tangle the independent effects of these com-
pounds; however, studies that have tried to
separate effects generally suggest calcium may
be the predominant player in explaining positive
associations with prostate cancer. As a result, the
World Cancer Research Fund 2007 Expert
Report on Diet and Cancer concluded that cal-
cium is a “probable” risk factor for prostate
cancer, while the evidence for dairy was
weak/inconclusive [149]. Since then, the EPIC
study found that dairy calcium, but not non-dairy
calcium, was associated with total and high grade
prostate cancer risk [133].

One proposed mechanism is that calcium acts
by suppressing circulating levels of dihydroxyvi-
taminD (1,25(OH)2D), the bioactivemetabolite of
vitamin D. The main source of vitamin D is
endogenous production in the skin resulting from
sun exposure, and diet is a secondary source. 1,25
(OH)2D is the most biologically active form,
whereas 25(OH)D is found in much higher con-
centrations and better reflects sun and dietary
exposure [150]. Dairy protein also increases levels
of insulin-like growth factor (IGF) [151], which
may thus influence risk of advanced or lethal
prostate cancer [152].

No study of dietary or supplemental vitamin
D have reported protective effects for prostate
cancer incidence [153–156]. Results of studies
using prediagnostic circulating vitamin D
metabolites have reported mainly null results
[157–169], in addition to significant positive
[170] inverse [171], and U-shaped [172] associ-
ations. There is, however, a suggestion that
vitamin D plays a role in prostate cancer pro-
gression. Genetic variants in the vitamin D
pathway are associated with risk of recurrence or
progression and prostate cancer-specific mortal-
ity [173]. In addition, high expression of the
vitamin D receptor protein in prostate cancer
tissue has been associated with lower risk of
lethal cancer among men with prostate cancer in
the HPFS and PHS [174]. Prostate cancer
patients with the lowest levels of pre-diagnostic
25(OH)D had significantly greater risk of pros-
tate cancer-specific mortality, with a RR of 1.59
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(95 % CI: 1.06, 2.39) for the highest versus
lowest quartiles [175]. Pre-diagnostic vitamin D
levels were significantly associated with both
stage and grade in this study. Thus, while vitamin
D exposure does not seem to be associated with
lower risk of incident prostate cancer, multiple
lines of evidence suggest that the vitamin D
pathway may play a role in prostate cancer
progression.

9.3.3.6 Coffee
Most prior epidemiological studies of coffee and
prostate cancer have focused on total incidence of
disease, with generally null results. However,
recent meta-analyses support an inverse associa-
tion of coffee intake and risk of fatal or advanced
disease [176–179]. Discacciati et al. [179] found
a summary RR of 0.89 (95 % CI: 0.82–0.97) per
3 cups/day increment in coffee intake, as well as
an inverse association with high grade (Gleason
8–10) disease. These intriguing data, while bio-
logically plausible, need to be confirmed in
additional study populations with large numbers
of fatal or advanced disease.

Coffee is rich in several biologically active
compounds including caffeine, minerals, and
phytochemicals. In observational and animal
studies, long-term coffee drinking has been asso-
ciated with improved glucose metabolism and
insulin secretion in observational and animal
studies, and coffee is a potent antioxidant.

9.3.3.7 Statins
The class of lipid lowering medications known as
statins have been proposed to have anti-tumor
effects in prostate by influencing cell prolifera-
tion, inflammation, and steroidogenesis. The first
study to look at the association was by Platz et al.
[180] who found a RR of 0.39 (95 % CI: 0.19–
0.77) of advanced prostate cancer comparing
men who were statin users to nonusers. In a 2012
meta-analysis of 27 observational studies, the
pooled RR of statins of 0.93 (95 % CI: 0.87–
0.99) for total prostate cancer and 0.80 (95 % CI:
0.70–0.90) for advanced prostate cancer based on
seven studies [181]. Since publication of the
meta-analysis, six additional epidemiological
studies have reported on associations between

statin use and lethal prostate cancer, all sug-
gesting inverse associations [182–185]. The lar-
gest to date included more than 11,000 prostate
cancer patients in the United Kingdom and
studied both prediagnostic and postdiagnostic
statin use [186]. Post-diagnostic statins were
associated with 34 % (95 % CI: 0.66–0.88)
lower risk of prostate cancer death, and the effect
was stronger among men who were using statins
before diagnosis. Additional studies are needed
to disentangle the relevant etiological window as
well as identify mechanisms of association.

9.4 Summary

Prostate cancer epidemiology is complex, in part
due to the biological heterogeneity of the disease
as well as PSA screening. The established risk
factors for prostate cancer incidence—age,
race/ethnicity, family history, and genetic variants
—are not modifiable, and thus primary prevention
of prostate cancer is challenging. However, there
are a number of promising lifestyle and dietary
factors that may lower risk of developing a more
aggressive cancer or hold promise in secondary
prevention among prostate cancer patients.
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10Pathology and Molecular Pathology
of Prostate Cancer

Nairi Tchrakian, Maura Bríd Cotter and Massimo Loda

10.1 Introduction

In this chapter, we begin by discussing the
embryological development of the prostate
gland, in addition to its normal anatomy and
histology in the adult male. The various patho-
logical processes that affect the prostate will then
be outlined, and we will devote the remainder of
the discussion to premalignant and malignant
disease. In particular, we will focus on the
molecular pathogenesis of prostate cancer
(PCa) as this is an evolving area that is contin-
ually challenging our current diagnostic and
therapeutic practices.

10.2 Embryology and Development
of the Prostate Gland

The prostate is the largest accessory gland of the
male reproductive system, and its function is to
contribute to the production of seminal fluid and
the ejaculation of semen [1]. Growth and devel-
opment of the prostate is a continuous, hormon-
ally regulated process, which commences in
foetal life, and is completed at sexual maturity
[2]. The prostate develops as part of the embry-
ological urogenital system which consists of both
the urinary and genital systems. The urogenital
system arises from the intermediate mesodermal
layer, which forms a urogenital ridge on either
side of the aorta [3]. At the end of the third
month of development, the urogenital sinus
develops, which later forms the urethra and the
prostate. The prostate initially develops as out-
pouchings from the proximal urethra, which
become tubular and subsequently fuse, finally
forming the glandular substance of the two lobes
[3]. Figure 10.1 illustrates the embryological
development of the prostate and its associated
structures.

The differentiation and growth of the prostate
gland is androgen dependent [4]. The primary
androgen involved is testosterone, the majority of
which is produced by Leydig cells of the testes
[5] and a smaller proportion is produced in the
adrenal cortex. With continued development, the
epithelium is organised into two distinct popu-
lations of cells; namely, basal cells and luminal

N. Tchrakian
Department of Pathology, St. James’s Hospital,
James’s Street, Dublin 8, Ireland

M.B. Cotter � M. Loda (&)
Department of Pathology, Dana-Farber Cancer
Institute and Brigham & Women’s Hospital,
Harvard Medical School, 450 Brookline Ave.,
Boston, MA 02115, USA
e-mail: massimo_loda@dfci.harvard.edu

© Springer International Publishing Switzerland 2017
M. Loda et al. (eds.), Pathology and Epidemiology of Cancer,
DOI 10.1007/978-3-319-35153-7_10

127



cells [2]. Each cell type expresses its own char-
acteristic subset of cytokeratins. Simultaneous to
this process of epithelial differentiation, the pro-
static stroma differentiates into smooth muscle,
which is periductal in distribution [6]. At pub-
erty, as serum testosterone levels rise, the pros-
tate increases rapidly in size and undergoes
morphologic changes to bring it to the adult
phenotype, reaching an approximate weight of
20 g by 25 years of age [7].

10.3 Anatomy of the Prostate
Gland

In the adult male, the prostate is a walnut-shaped
gland, approximately 4 cm in maximum dimen-
sion [8]. It is situated between the bladder and
the penis, and the prostatic base surrounds the
bladder neck and the pre-prostatic portion of the
urethra [9] (Fig. 10.2). The apex of the gland is
in contact with the superior aspect of the urethral
sphincter and the deep perineal muscle. The
rectum lies posterior to the prostate [8]. The
posterolateral portion of the gland is bounded by
a dense fibrous capsule which contains neu-
rovascular plexuses. Anterior and apical surfaces
are covered by the anterior fibromuscular stroma,
which is thinner than the fibrous capsule cover-
ing the posterior gland [10]. Bilateral seminal
vesicles are located on the superoposterior aspect
of the prostate. The seminal vesicle ducts join the
vasa deferentia to form the ejaculatory ducts. The

ejaculatory ducts then pass anteroinferiorly
through the prostate to open into the posterior
aspect of the prostatic urethra. The smaller pro-
static ducts (20–30 in number) open into the
prostatic sinuses, which are located on the pos-
terior wall of the prostatic urethra on either side
of the seminal colliculus [8].

The prostate comprises several lobes. The
anterior lobe is the portion of the gland in front of
the urethra and is mainly fibromuscular. The
median lobe is situated between the ejaculatory
ducts and the urethra. The lateral lobes (right and
left lobes) form the main mass of the gland and
are separated by the prostatic urethra. The pos-
terior lobe is the area most easily palpable during
digital rectal examination [8]. The zones of the
prostate include the central, peripheral and tran-
sitional zones. The transitional zone surrounds
the prostatic urethra and the central zone envel-
ops the ejaculatory ducts, while the peripheral
zone provides the bulk of the gland [10]
(Fig. 10.3).

Arterial supply of the prostate is provided by
branches of the internal iliac artery; chiefly the
inferior vesical artery, but also the internal
pudendal and middle rectal arteries [8]. Prostatic
veins join to form the prostatic venous plexus,
which is located around the basal and lateral
aspects of the prostate. The prostatic venous
plexus in turn drains into the internal iliac veins.
Lymphatic vessels of the prostate terminate pre-
dominantly in the internal iliac lymph nodes, and
a minor component drains to the sacral nodes.
Similar to the other internal male genital organs,

Fig. 10.1 Embryological development of the prostate

Fig. 10.2 Sagittal view of the prostate and surrounding
structures
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the prostate is richly innervated by the autonomic
nervous system [11]. Sympathetic fibres arise
from T12-L2/3 spinal cord segments, and
parasympathetic fibres originate from S2 and S3
segments. Both sympathetic and parasympathetic
components join the inferior hypogastric and
pelvic plexuses, which innervate the gland.
Knowledge of this anatomy is crucial, as nerves
can be injured following radical prostatectomy,
resulting in erectile dysfunction [12].

10.4 Histology of the Benign
Prostate

Microscopically, the prostate parenchyma is best
visualised in young males under 50 years of age,
when significant distortion by inflammation [13],
atrophy [14] and hyperplasia [15] is not yet
present. Histologically, the prostate parenchyma
consists of two distinct compartments, including
the glandular epithelium and the surrounding
stromal compartment, which will be discussed
separately below.

10.4.1 Benign Glandular Component

The normal glandular epithelium of the prostate
(Fig. 10.4) is classically defined as having two
cell layers, namely a luminal (or secretory) layer
and a basal layer. A third cell type is also present,
the neuroendocrine cell, which is usually

infrequently seen [16]. The secretory epithelial
cells make up the majority of the epithelial vol-
ume. These cells are tall and columnar, with clear
to pale cytoplasm and basally located nuclei.
They are situated on the luminal aspect of the
gland, as part of the double layer of epithelium.
The nuclei are small and round with fine, evenly
dispersed chromatin and nucleoli are usually not
prominent. Between the secretory cell layer and
the basement membrane lies the basal cell layer.
The nuclei of the basal cells are small, and
hyperchromatic with scant surrounding cyto-
plasm. These nuclei are flattened and oriented
parallel to the basement membrane. The basal
layer is often inconspicuous and incomplete, and
it may be difficult to distinguish individual basal
cells from underlying stromal fibroblasts in
benign prostatic tissue. Recognition of the basal
cell layer is, however, important, as these cells
are absent in prostatic adenocarcinoma, and
should be present in benign conditions that
mimic cancer [17]. The final epithelial group, the
neuroendocrine cells of the prostate, are irregu-
larly distributed throughout the epithelial com-
partment [18]. They are inconspicuous, but can
occasionally be recognised on haematoxylin and
eosin (H&E) staining by deeply eosinophilic fine
cytoplasmic granules [16]. The intraglandular
contents of normal glands must also be examined
and include corpora amylacea [19], (inspissated
secretions that appear as pink, concentrically

Fig. 10.3 Zones of the prostate
Fig. 10.4 Benign prostatic glands
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lamellated rings) (Fig. 10.5), calculi and degen-
erating epithelial cells.

10.4.2 Benign Stromal Component

Histologically, the non-glandular components of
the prostate gland include the pseudocapsule, a
fibromuscular layer most prominent along the
base and posterior portion of the lateral lobes, the
fibrous septa, the periprostatic adipose tissue and
the stroma. Carcinoma invading adipose tissue is
considered to represent extraprostatic extension
[20]. Skeletal muscle fibres can also be seen in
sections of prostatic tissue, admixed with the
stroma at the distal apex of the gland. The pro-
static stroma accounts for about half the volume
of the prostate gland. The most abundant normal
stromal cell type is the smooth muscle cell,
derived from the embryonic urogenital sinus. In
addition to being the most abundant cell type, the
smooth muscle cell appears to be the most
important cell type, with respect to homeostasis.
Other stromal cells commonly present include
fibroblasts, endothelial cells, nerve fibres with
associated ganglia, and various immune cells.
The extracellular matrix is rich in collagen fibres
that intervene between the glandular epithelium.
The benign prostatic stroma is affected by age-
ing, with inflammatory cells becoming more
abundant and stromal fibroblasts becoming
senescent with age.

10.5 Inflammatory Conditions
of the Prostate

Even though in a protected anatomical site, the
prostate can be subject to various infections and
inflammatory processes, whether of infectious
origin or not. Inflammation of the prostate, or
prostatitis, is seen commonly in clinical practice,
and is usually treated empirically with antibiotics
[21]. Histologic examination of specimens
removed specifically for prostatitis is therefore
uncommon. The inflammatory processes involv-
ing the prostate encompass acute and chronic
bacterial prostatitis, chronic abacterial prostatitis
and granulomatous prostatitis. Acute bacterial
prostatitis usually results from similar bacteria to
those causing urinary tract infections, namely:
Escherichia coli and other gram-negative bacilli,
enterococci and staphylococci. Generally, the
organisms infect the prostate via reflux of urine
from the urethra or urinary bladder. Chronic
bacterial prostatitis is caused by similar organ-
isms, and there is often an accompanying history
of recurrent urinary tract infections. Mixed acute
and chronic prostatitis is depicted in Fig. 10.6.
Granulomatous prostatitis is another subtype
[22], which may be due to fungal or mycobac-
terial infection. An attenuated form of the latter
may be seen following intravesical therapy with
Bacillus Calmette–Guerin (BCG) for bladder
cancer. ‘Nonspecific granulomatous prostatitis’ is
the most commonly diagnosed granulomatous

Fig. 10.5 Corpora amylacea

Fig. 10.6 Benign prostatic glands showing mixed acute
and chronic prostatitis

130 N. Tchrakian et al.



process within the prostate, and results from an
immune-mediated reaction to prostatic secretions
from obstructed or ruptured ducts and acini [23].
Lastly, prostatic granulomas are frequent post-
surgical sequelae of transrectal biopsy and
transurethral resection.

10.6 Benign Prostatic Hyperplasia

Benign Prostatic Hyperplasia (BPH) is a com-
mon disorder in men over the age of 50 years
[21]. It typically affects the central zone of the
gland, and is characterised by nodular hyper-
plasia of either or both stromal and epithelial
compartments. The enzyme 5α[alpha]-reductase,
located predominantly in stromal cells, converts
testosterone to dihydrotestosterone (DHT) [2].
DHT drives the hyperplastic process by increas-
ing stromal proliferation and decreasing epithe-
lial apoptosis. 5α[alpha]-reductase inhibitors
(5ARIs) are widely used in the pharmacologic
treatment of BPH. Inhibiting DHT production
leads to a decrease in prostatic volume, thereby
relieving the symptoms and averting the conse-
quences of the disorder. Indeed, the widespread
use of 5ARIs (and other medical therapies) in the
management of BPH has resulted in a marked
shift from surgery to drug therapy. 5ARIs have
also been proposed as chemopreventive agents
for PCa. Two randomised controlled trials
examining the efficacy of 5ARIs for PCa pre-
vention showed a reduction in incidence of up to
25 % when compared with placebo. This
decrease was attributed to a reduced incidence of
low-grade cancers. However, there was an
unexpected concomitant increase of high-grade
cancer in the groups treated with 5ARIs; namely,
absolute increases of 0.5 and 0.7 % with the use
of the inhibitors dutasteride and finasteride,
respectively. The Food and Drug Administration
(FDA) evaluated the potential risks and benefits
of 5ARIs in PCa chemoprevention, and con-
cluded that finasteride and dutasteride do not
have favourable risk-benefit profiles. As a result,
the use of 5ARIs for PCa chemoprevention has
not been endorsed. However, the effect of these

drugs on PCa incidence remains controversial
[24].

10.7 Premalignant Prostatic
Disease

Prostatic intraepithelial neoplasia (PIN) and
proliferative inflammatory atrophy (PIA) are the
two candidate precursor lesions for PCa [25].
Much of the evidence supporting PIN as pre-
cursor to adenocarcinoma is also true for PIA
[25]. Compellingly, histologic transitions have
been noted between foci of PIA and high-grade
PIN (HGPIN), and also between PIA and inva-
sive carcinoma [26]. Both PIN and PIA show
particular molecular alterations characteristic of
malignancy, which occur in pre-existing epithe-
lium and are confined by the basement mem-
brane. For example, chromosome 8 gain has been
observed in PIN, PIA and invasive cancer,
lending further support to the precursor status of
the former two entities [27, 28]. Although both
are precursors of invasive carcinoma, it is unclear
whether PIN and PIA represent diseases on the
same spectrum or distinct pathways, and they are
discussed separately in greater detail below.

10.7.1 Prostatic Intraepithelial
Neoplasia

PIN consists of architecturally benign acini lined
by cells showing cytologic atypia; namely,
nuclear crowding, enlargement, hyperchromasia
and prominent nucleolation [29]. There is a sur-
rounding basal cell layer and an intact basement
membrane (Fig. 10.7). Most agree that PIN is a
precursor of invasive adenocarcinoma, a theory
which is supported by the fact that prostates with
invasive carcinoma have an increased incidence
of PIN, an increase in the number and size of PIN
foci, and, on occasion, zones of HGPIN where
there appears to be a ‘budding off’ of invasive
carcinoma glands. PIN is subdivided into two
grades, high and low grades, and the distinction
between the two is based on the presence of
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prominent nucleoli, a diagnostic feature of
HGPIN [29]. Most cases of low-grade PIN do
not progress, and therefore, many pathologists no
longer comment on its presence in biopsy spec-
imens. The presence of multiple foci of HGPIN
has a high predictive value for PCa, which
develops within 1–2 years in an estimated 30 %
of men with multiple cores containing HGPIN
[30]. Great variation exists in the literature
regarding the incidence of HGPIN on needle
biopsy, which is reported to range from 1.5 % to
about 16 % [31]. When HGPIN is identified on
needle biopsy, a careful search is typically made
by the pathologist for invasive cancer in the
remainder of the tissue. If no cancer is found,
follow-up is unnecessary if only a small amount
of HGPIN is present in 1–2 cores. However, if
there is a more significant amount of HGPIN, a
follow-up protocol is adopted, consisting of
serum prostate-specific antigen (PSA) testing,
physical examination, and possibly repeat biop-
sies. However, recommendations for following
men with HGPIN have varied widely [32].

10.7.2 Proliferative Inflammatory
Atrophy

PIA refers to foci of epithelial atrophy, usually in
the periphery of the gland, which show a high
proliferative rate, and the presence of mononu-
clear and polymorphonuclear inflammatory cells
within both epithelial and stromal compartments

[26]. PIA is associated with chronic prostatitis
[26], and it has been hypothesised that repeated
tissue injury and cell loss results in proliferative
regeneration of damaged epithelium which may
subsequently progress to in situ and/or frank
invasive carcinoma [33]. The glutathione-S-
transferase Pi 1 (GSTP1) gene is located on
chromosome 11q13 [21], and plays an important
part in cell detoxification [34]. Hypermethylation
of the GSTP1 gene (which results in downregu-
lation of GSTP1 protein expression) [21] is seen
in PIA, as well as in >90 % of PCa [34]. Impor-
tantly, GSTP1 protein detected in free plasma
circulating DNA has proved to be a promising
biomarker for detection of primary and recurrent
PCa [34].

10.8 Histopathology of Prostate
Cancer

Grossly, neoplastic prostate tissue can be very
difficult to recognise. With widespread PSA
screening, a shift towards the detection of smaller
tumours and tumour volumes has occurred,
making tumours even more subtle. When visible,
tumour tissue is nodular and white, and may
blend into surrounding benign, tan-coloured
parenchyma. Most adenocarcinomas arise in the
peripheral lateral or posterior zones, with anterior
peripheral localization infrequently occurring.
Transitional (20 %) and central zone (5 %)
lesions are also less common in comparison to
peripheral lesions (70 %). Prostatic adenocar-
ciomas are multifocal in 50–97 % of cases and
recent studies now suggest that these lesions are
different, in that they are thought to arise from
multiple, independent clonal expansions.

10.8.1 Malignant Glandular
Component

Histologically, when prostatic adenocarcinoma is
referred to without further qualification, it can be
assumed to be the common, or acinar, variant
[21]. The glands are smaller and more crowded
than their benign counterparts under the

Fig. 10.7 High-grade prostatic intraepithelial neoplasia
and adjacent benign glands
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microscope, and have straight luminal borders
rather than papillary infoldings. Having lost the
outer basal cell layer, the neoplastic glands are
lined by a single layer of cuboidal or low
columnar epithelium. The cytoplasm of the
malignant cells ranges from amphophilic to the
pale/clear cytoplasm seen in benign glands.
Nuclei are enlarged and often contain one or
more prominent nucleoli. Typically, nuclear
pleomorphism and mitotic activity are not
prominent. Intraluminal crystalloids or mucinous
secretions, when present, are observed mostly in
carcinomas, but only rarely identified in benign
glands [35]. Although there are a few specific
features of malignancy on biopsy (e.g. perineural
invasion (Fig. 10.8), which is seen in approxi-
mately 20 % of prostate biopsies), the diagnosis
is typically made on a combination of architec-
tural and cytologic features on routine H&E. The
diagnosis of PCa may be difficult because the
clues to malignancy are often subtle, and also
because there are several benign mimickers of
PCa, such as adenosis, atrophy, and basal cell
hyperplasia.

10.8.2 Malignant Stromal
Component

The majority of prostate tumours are adenocar-
cinomas arising from epithelial cells lining the
prostatic glands. As a consequence, prostatic

epithelial cells have been the major focus of
histopathological examination and research
studies to date. While the development of an
altered stromal microenvironment in response to
carcinoma is a common feature of many other
tumours [36, 37], emerging evidence suggests
that changes occur in the surrounding prostatic
stroma also, that may serve to enhance the
malignant potential of the nearby epithelium
[38]. Tumour-associated stroma is referred to as
‘reactive’ in the prostate, as the phenotypic and
genotypic alterations seen are similar to those
seen in wound repair, including matrix remod-
elling and altered expression of growth factors
and cytokines [39]. The stroma normally consists
predominantly of smooth muscle cells, however,
during carcinogenesis, these cells are gradually
replaced by the activated form of fibroblasts,
termed carcinoma-associated fibroblasts (CAFs).
There is some debate as to whether CAFs and
myofibroblasts represent different cell types, or
whether they are the same cell type with different
gene expression profiles [40, 41]. It is also
unclear as to whether these CAFs are generated
by activation of fibroblasts and perivascular cells
already present in the prostatic stroma, or whe-
ther they are recruited from other locations, i.e.
from the bone marrow. CAFs have been shown
to affect cancer cells by secreting growth factors
[42], extracellular matrix (ECM) components
[43] and proteases [44].

Tumour development is also associated with
an influx of macrophages [45], lymphocytes and
mast cells into the tumour stroma [34]. These
inflammatory cells secrete cytokines, which have
stimulatory or inhibitory effects on adjacent
CAFs, blood vessels and epithelial cells. While
inflammatory cells are generally viewed as ben-
eficial, e.g. in wound repair and in preventing the
spread of infection, tumour-associated inflam-
mation appears to be associated with an
increased rate of growth and the spread of cancer
[46, 47]. This large and varied list of stromal cell
types may explain the heterogeneity observed in
PCa and further research into stromal–epithelial
interactions [48] must be performed.

Fig. 10.8 Perineural invasion

10 Pathology and Molecular Pathology of Prostate Cancer 133



10.8.3 The Use of
Immunohistochemistry
in Prostate Pathology

The most valuable adjunctive study for the diag-
nosis of adenocarcinoma of the prostate is
immunohistochemistry (IHC), which is used cur-
rently in up to 20 % of all prostate needle core
biopsies. Any IHCmarker, however, carries a risk
of false-positive and false-negative results, and
therefore must be used in conjunction with the
H&E morphology. The immunophenotype of
prostatic basal cells is distinctive and can be of
diagnostic value, as positive staining with anti-
bodies directed against basal epithelial cells
(34β[beta]E12 and p63) rules out the presence of
invasive carcinoma [21, 35]. Nuclear basal mark-
ers can also be usedwhen the differential diagnosis
is between atypia, atypical adenomatous hyper-
plasia, PIN and atrophy. In some cases, a basal cell
marker cocktail can be used to further improve
detection of basal cells [49]. In contrast, the normal
secretory cells of the prostate stain with
pan-cytokeratins, cytokeratins 8 and 18, androgen
receptor (AR), PSA and prostate- specific acid
phosphatase (PSAP). This immunoprofile distin-
guishes them from the underlying basal cells.
Normal neuroendocrine cells are characterised by
their immunoreactivity for synaptophysin, chro-
mogranin or CD56. They variably express AR, an
important feature in relation to castration-resistant
disease in prostatic carcinoma with neuroen-
docrine differentiation [50, 51].

Alpha-methylacyl-CoA racemase (AMACR,
also known as ‘P504S’ or ‘racemase’) [35] is a
commonly used cytoplasmic marker which is
selective and very sensitive for carcinoma. While
some benign glands (e.g. atrophic glands) and
glands showing PIN can also stain positively for
AMACR [52], the staining is usually more focal
and weaker in comparison to neoplastic glands.
Some laboratories combine antibodies in a cocktail
also, using a basal marker together with AMACR
for definitive diagnosis [53].A ‘triple stain’ of p63,
34β[beta]E12, and AMACR in prostatic adeno-
carcinoma can be seen in Fig. 10.9. Stromal
tumour markers are not used as routinely in the

diagnosis of PCa, however, it is known that
decreased expression of smooth muscle cell
markers (desmin, smooth muscle actin) and
increased fibroblast markers (vimentin) are seen
[54]. As no therapeutic targets have currently been
identified in PCa, IHC for proteins such as AR,
HER2, CD117 (c-Kit), EGFR, etc., are not rou-
tinely employed as they are not predictive of
response to treatment. Therefore, there is an urgent
need to identify molecular signatures to discrimi-
nate lethal and indolent PCa and to identify pre-
dictive and prognostic biomarkers. While most
studies in the past have concentrated on
epithelial-based signatures, the stromal microen-
vironment may hold the answer to this question.

10.8.4 Histologic Grading

Histologic grading is the most useful tissue-
based prognostic predictor in PCa [55]. The
quintessential grading scheme for PCa, the
Gleason grading system, is based solely on the
architectural pattern of the tumour. Both the
predominant (‘primary’) and the second most
prevalent (‘secondary’) patterns are identified
[56]. Each is assigned a numeric value, and these
are added together to yield the ‘Gleason Score’.
The grading system originally devised in 1966
by Donald Gleason categorised prostate cancer
into five separate grades ranging from 1–5,

Fig. 10.9 Photomicrograph of a ‘triple stain’ highlight-
ing benign glands, high-grade prostatic intraepithelial
neoplasia and prostate adenocarcinoma
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representing increasingly more aggressive and
less differentiated morphologic patterns. In
practice, however, grades 1 and 2 are no longer
in use, and the primary and secondary patterns of
the tumour are generally assigned a value from 3
(well differentiated, with individual, discrete,
well-formed glands) to 5 (poorly differentiated/
undifferentiated tumour, or tumour with come-
donecrosis). A Gleason grade of 4 indicates that
the tumour displays an intermediate level of
differentiation; poorly formed glands, fused
glands, or glands with cribriform architecture
[56]. In practice, therefore, the Gleason score on
prostatic specimens usually falls within the range
of 6–10 [56]. Examples of Gleason patterns (i.e.
grades 3+3, 3+4, 4+4 and 5+4) are shown in
Figs. 10.10, 10.11, 10.12 and 10.13. In addition,
it is advisable to report the percentage of Gleason
pattern 4 tumour in a biopsy specimen with an
overall Gleason Score of 7; this is in order that
clinicians are aware of the approximate extent of
the less differentiated (and therefore more
aggressive) tumour present in the biopsy mate-
rial. Increasingly, pathologists also comment on
the presence of a ‘tertiary’ component—this sit-
uation arises where a third, typically more
aggressive pattern is identified. Studies have
shown that the presence of a tertiary higher grade
component is associated with an increased risk of
biochemical recurrence, and it is currently rec-
ommended that tertiary grade patterns be recor-
ded in the pathology report in order to accurately
reflect the overall grade [57]. The approach to
tertiary grading differs between biopsy and
prostatectomy specimens. For biopsies, the pri-
mary pattern and the pattern of highest grade
should be added together to formulate the Glea-
son score. In the case of a higher grade, tertiary
pattern, this would result in the exclusion of the
secondary pattern from the overall Gleason
score. Conversely, in radical prostatectomy
specimens, the Gleason score should be based on
primary and secondary patterns, with a comment
added on the tertiary pattern [58]. Some special
rules apply to Gleason grading of uncommon
histologic variants of PCa [55], but these are
beyond the scope of this discussion.

The Gleason grade remains the most reliable
prognostic factor in PCa [59], however, there has
been a gradual shift in how the Gleason grade is

Fig. 10.10 Prostatic adenocarcinoma: Gleason grade
3+3

Fig. 10.11 Prostatic adenocarcinoma: gleason grade 3+4

Fig. 10.12 Prostatic adenocarcinoma: gleason grade 4+4
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applied in practice, with a general trend towards
upgrading. In addition, the Gleason grading
system has been adapted over time in order to
accommodate changing clinical practices [55]. In
particular, a consensus conference which took
place in 2005 [60] was organised in order to
standardise the perception of the various patterns,
as well as the manner in which the information

relating to tumour grading was reported. The
resultant ‘Modified Gleason System’ reflected
this effort at standardisation, and one of its effects
was a shift towards upgrading [55]. Studies have
shown that needle biopsies using the Modified
Gleason System correlated with progression after
radical prostatectomy [61] and predicted bio-
chemical recurrence after radical prostatectomy
[62]. More recently (November 2014), a second
major consensus conference was held with the
aim of further updating the Gleason System.
Among the parameters examined, an effort was
made to standardise the grading of particular
morphologic patterns and variants of prostate
cancer, including those commonly encountered
(e.g. cribriform glands), in addition to relatively
uncommon patterns/variants (e.g. glomeruloid
glands, mucinous adenocarcinoma, intraductal
carcinoma). With regard to the grading of crib-
riform glands in PCa, according to the updated
(2014) guidelines, all cribriform glands are now
assigned a Gleason grade of 4, in contrast to the

Fig. 10.14 Tissue
microarray of prostatic
adenocarcinoma

Fig. 10.13 Prostatic adenocarcinoma: gleason grade 5+4
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previous iteration of the Gleason System, which
designated a Gleason Grade of 3 to small and
relatively round/regular cribriform glands. [63]
Interestingly, further prognostic information can
be gleaned from examining the relative contri-
butions of the individual patterns that ultimately
make up the Gleason score. The most striking
example of this is the dramatic difference seen
between the clinical stages of tumours with a
Gleason score of 7, depending on whether there
was a primary pattern of 3 and a secondary pat-
tern of 4, and vice versa (3 + 4 = 7, and
4 + 3 = 7, respectively). In one study, 95 % of
the 3 + 4 = 7 tumours were clinically staged as
pT2, while 79 % of 4 + 3 = 7 cancers were pT3
or pT4 [64]. The prognostic implications of both
the overall Gleason score and the relative pro-
portions of the individual component patterns
were also discussed at the 2014 consensus
meeting, and a novel grading system was pro-
posed. The practice of combining the most
common and second most common Gleason
patterns to obtain an overall Gleason Score was
retained, but the new system stratifies tumours
with Gleason Scores of 2–10 into prognostically
distinct ‘Grade Groups’ numbered 1–5. Grade
Group 1 tumours are composed of only discrete,
well-formed glands (therefore with a Gleason
Score of 6 or lower), while Grade Groups 2 and 3
comprise tumours of Gleason Score 7 whose
component patterns are 3 + 4 = 7 and 4 + 3 = 7,
respectively. Grade Group 4 contains tumours of
Gleason Score 8, while the most aggressive
tumours (Gleason Score of 9 or 10) make up
Grade Group 5. These ‘Grade Groups’ are felt to
carry greater prognostic value and to more
accurately reflect the biology of prostate cancer
than the previous Gleason system and various
algorithms which had been used for prognostic
‘grouping’ based on Gleason Score. Further-
more, a perceived flaw of the older system was
that although 6 was the lowest score assigned to
a tumour in practice, a score of 6 out of 10
nevertheless might contribute to patient fear by
implying an intermediate rather than an excellent
prognosis. It is thought that the new Grade
Groups would—for the foreseeable future—be
used in conjunction with the Gleason System.

The new system and its terminology ‘Grade
Groups 1–5’ have been accepted by the World
Health Organisation for the 2016 edition of
Pathology and Genetics: Tumours of the Urinary
System and Male Genital Organs [63].

Lastly, because of heterogeneity and sampling
error, some studies report that up to 28 % of cases
are upgraded in radical prostatectomies compared
to biopsies [65, 66]. This may have a significant
impact on clinical decision-making, and can
constitute a confusing and problematic factor with
regard to the choice of therapeutic approach for a
given patient (e.g. active surveillance versus sur-
gery or radiotherapy) [59, 60, 67].

10.8.5 Spread and Staging

Local extension of prostatic carcinoma is usually
into periprostatic tissue, seminal vesicles, and
bladder base [21]. Cancer staging takes into
account whether the cancer is unilateral or
bilateral and the presence or absence of invasion
beyond the prostate or into surrounding struc-
tures. [24] Metastases initially spread via the
lymphatics to the obturator nodes, and eventually
to the paraaortic nodes. Haematogenous spread is
chiefly to the bones, in particular the axial
skeleton, proximal femurs and ribs. However,
rare cancers can spread widely to the viscera
[21]. The reader should refer back to Chap. 3 for
an overview of the principles of cancer staging.
Organ-specific TNM staging information can be
obtained from the current American Joint Com-
mittee on Cancer (AJCC) staging manual [68].

10.8.6 Uncommon Histologic Variant:
Carcinoma
with Neuroendocrine
Features

Aside from the common, acinar variant, several
distinct morphologic subtypes of prostatic carci-
noma exist. These rare subtypes are beyond the
scope of this book chapter, but they are described
in detail in the currentWorld Health Organisation/
International Agency for Research on Cancer’s
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(WHO/IARC) Classification of Tumours publi-
cation relating to the urinary system and male
genital organs [69]. Of the uncommon variants of
PCa, carcinoma with neuroendocrine (NE) fea-
tures merits a brief discussion, as it is increasingly
recognised as an aggressive variant that is associ-
ated with castration-resistant disease [51]. The NE
cells of the prostate lack ARs, and NE differenti-
ation increases in the late stages of castration-
resistant PCa and in response to androgen depri-
vation therapy. Transformation to a predominantly
AR-negative PCa with increasing NE differentia-
tion may be an important resistance mechanism in
castration-resistant disease, and indeed may be
more common than was previously recognised.
NE tumours of the prostate comprise a heteroge-
neous group, and the current WHO classification
of these cancers includes the following subtypes:
FocalNEdifferentiation in otherwise conventional
prostatic adenocarcinoma, carcinoid tumour
(well-differentiated NE tumour) and small cell
carcinoma (poorly differentiated NE tumour). It
has been suggested, however, that this basic clas-
sification should be broadened to include three
further variants; namely, adenocarcinoma with
paneth cell-like NE differentiation, large cell NE
carcinoma and mixed NE-acinar carcinoma.
Diagnosis of carcinoma with NE features is
important, as it is considered an aggressive phe-
notype of advanced PCa with treatment strategies
that differ from those of conventional adenocar-
cinoma (notably, the use of platinum-based ther-
apies as opposed to AR-targeted treatment). The
diagnosis generally depends on histology, as no
reliable serum markers are currently available for
identification of patients who are transforming to
an NE phenotype. However, the detection and
molecular characterisation of circulating tumour
cells (CTCs) has been suggested for this purpose.

10.9 The Molecular Pathology
of Prostate Cancer

PCa is a disease that exhibits great variation in its
clinical behaviour. For this reason, prognosis,
treatment approach and outcome can vary widely
between individuals. The goal of molecular

staging in PCa is to identify the genes involved
in the pathways that lead to malignancy, and to
exploit them as prognostic and/or predictive
markers and, as outlined above, to distinguish
indolent from aggressive disease. In PCa, as in
other malignancies, this field has evolved rapidly
in the past few years. Technologies that enable
high-throughput analysis have led to a more
comprehensive understanding of the progression
of the disease, and there has been a dramatic
increase in the number of candidate biomarkers
for PCa. The identification of these genes and
biomarkers uses both serum and tissue-based
assays. In the following sections, we examine the
resources and techniques presently employed in
the molecular pathology of PCa, in addition to
the important biomarkers, both current and
emerging.

10.10 Resources

Multiple resources are currently utilised to fur-
ther our understanding of the molecular patho-
genesis of PCa, including tissue culture models
and mouse models. Examples of tissue culture
models include cell lines, organ cultures and
organotypic cultures. Cell lines refer to single
cell suspensions of cancerous cells, which can be
grown for prolonged periods in vitro due to their
ability to evade senescence and to continually
proliferate [70]. In PCa, the LNCaP cell line,
isolated in 1977 from metastatic prostatic carci-
noma, has been intensively exploited in research
applications [71]. However, cell lines grown as a
monolayer in tissue culture dishes lack the same
features present in intact tissue. Therefore,
three-dimensional representations of tumour
microenvironment are now available, using
organ cultures, consisting of tissue slices and
organotypic cultures consisting of cells grown in
an extracellular matrix to recapitulate the bio-
logical behaviour of the prostate [72, 73].

Mouse models are another important resource
used in PCa research due to the genomic simi-
larities between mice and humans, the relative
ease with which genetic modification can be
performed, and the fact that mice are

138 N. Tchrakian et al.



comparatively easy to keep and breed [74]. They
can be divided into two broad categories,
including genetically engineered mouse
(GEM) models [75], in which a gene is either
knocked out or overexpressed, and mouse
xenografts, which involve the injection of human
tumour cells into the mouse using various tech-
niques. The main advantage of GEM models is
that they reflect tumour progression over time
from the initiation of preinvasive lesions, to
invasive and metastatic disease. An additional
benefit is that this progression is observed within
the prostatic microenvironment. The chief dis-
advantage associated with GEM models is the
fact that important biologic differences may exist
between murine and human prostates, which may
affect model phenotypes [76]. The TRAMP
model, one of the original PCa GEM models,
was created by inducing the prostate-specific rat
probasin promoter (PB) to regulate the SV40
tumour antigens [74]. The TRAMP mice devel-
oped epithelial hyperplasia by the time of sexual
maturity (approximately 8 weeks of age), fol-
lowed by PIN at *18 weeks. By 28 weeks,
100 % had developed invasive tumours with
lymphatic metastases, while two-thirds had pul-
monary metastases [74]. In addition, this model
exhibited hormone-resistant, NE disease after
androgen withdrawal. Subsequently, a large
number of other GEM models have been devel-
oped [77], including Phosphate and Tensin
Homolog (PTEN) knockout, Myc overexpression
[78], TMPRSS2-ERG fusion, AR manipulation,
Rb inactivation [79], APC gene deletion [80],
RAS/RAF/MAPK pathway mutations, and
TGF-β[beta] signalling loss models, to name a
few [76]. The second broad mouse model cate-
gory are the pure xenograft models, in which
fresh human primary PCa tissues are implanted
subcutaneously or orthotopically into the prostate
of host immunocompromised mice [81]. The
latter technique carries the advantage of growth
within the prostatic microenvironment, and a
number of such models show high rates of
metastasis. The LuCaP series is important to
note, as it includes a large number of PCa
xenograft lines, mostly derived from metastatic
disease [82]. Finally, tissue recombination

models are another model type, where benign or
malignant epithelial cells combined with mes-
enchymal cells, are implanted subcutaneously or
under the renal capsule in immunocompromised
host mice [76]. These models represent a pow-
erful method in the study of tumour–stromal
interactions in particular.

Tissue microarrays (TMAs), CTCs, dissemi-
nated tumour cells and free plasma DNA are also
used as resources in PCa research. TMAs, intro-
duced in Chap. 2, are used extensively in research
applications relating to PCa (Fig. 10.14). Epi-
demiologists and pathologists use cancer TMAs
to validate multiple biomarkers concurrently in
large numbers of patients, and correlate bio-
marker expression with long-term follow-up
utilising sophisticated statistical tools. A signifi-
cant limitation of TMA use in PCa in particular, is
that due to tissue heterogeneity [83], the small
cores may not always be representative of the
whole tumour, with areas of variable protein
expression thus missed on sampling [84]. Several
different assays are used to identify CTCs in the
peripheral blood, and disseminated tumour cells
in the bone marrow, including immunological
techniques [85, 86] or size-trapping methods [87]
that identify cell surface markers. High CTC
counts in the peripheral blood have been associ-
ated with higher Gleason score and increased
disease stage [88, 89]. Finally, free plasma DNA
levels can be analysed and high levels have been
correlated with both tumour stage and the pres-
ence of CTCs [90, 91]. This suggests that free
plasma DNA may constitute a candidate bio-
marker for monitoring disease progression and
metastasis [92–94] and further research is
ongoing.

10.11 Molecular Pathology
Techniques

Available molecular pathology techniques today
include laser capture microdissection (LCM),
fluorescence in situ hybridization (FISH), quan-
tum dot analysis and DNA methylation analysis.
First, LCM is a specialised technique used to iso-
late specific groups of cells with high precision
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using laser technology. In this way, pure samples
of the cells of interest, e.g. tumour only, normal
only, or dysplastic only, may be obtained from
heterogeneous solid tumours. DNA, RNA and
proteins may subsequently be extracted from the
tissue and analysed [95]. FISH techniques, intro-
duced in Chap. 2, are commonly used in the
molecular staging of PCa, notably for detection of
the TMPRSS2-ERG fusion gene [96], loss of
NKX3.1 [97], gain ofMyc, and PTEN inactivation
[98]. Quantum dots are fluorescent semiconductor
nanocrystals, which are gaining increasing atten-
tion in the field of bioimaging. Using quantum
dot-labelling of DNA and RNA probes followed
by spectral imaging, this technique can be used to
apply gene expression signatures to formalin-fixed
paraffin-embedded (FFPE) tissue biopsies at
diagnosis [99]. Finally, DNA methylation is the
most intensively studied epigenetic alteration in
human malignancies and aberrant hypermethyla-
tion of promoter-associated CpG islands (i.e.
regions of DNA where a cytosine nucleotide
occurs adjacent to a guanine nucleotide in a
sequence of bases) is the most common known
epigenetic abnormality in human cancers. In PCa,
abnormal DNAmethylation has been identified in
precursor lesions and in early cancers, suggesting
that this change may be a driver of malignant
transformation [100]. Alterations in DNA methy-
lation also appear to be present in progressive and
metastatic disease, meaning that they may play an
additional role in disease expansion and dissemi-
nation. DNAmethylation markers, therefore, hold
great promise as prognostic biomarkers, both for
early detection of PCa, as well as for prediction of
clinical outcome [101].

10.12 The Genetics of Hereditary
Prostate Cancer

There is compelling evidence for a strong genetic
component in PCa. It is widely accepted that the
phenotypic heterogeneity observed in PCa is
either genetically determined, or modulated by a
complex interaction of environmental and
genetic factors [102]. It follows that the clinical

behaviour of the disease can be predicted using
genetic stratification. Genetic variation in PCa
can result from germline mutations, which are
heritable, or somatic mutations, which accumu-
late over the course of a person’s lifetime.
Unfortunately, unlike other malignancies such as
breast cancer, where familial predisposition to
disease has been strongly linked to specific
genes, the identification of genes clearly
responsible for the development of PCa has
proven extremely challenging. There are two
main reasons why this has been the case. First,
because PCa arises at an advanced age, it is
difficult to identify more than two generations
affected by the disease in order to perform
molecular studies. Second, given the high
prevalence of the disease, where a family with a
high rate of PCa is identified, it is difficult to
distinguish sporadic from hereditary disease.
This is because hereditary PCa does not have any
specific pathologic or clinical characteristics
other than an earlier age of onset in some cases.
In addition, hereditary PCa does not occur in any
of the known cancer syndromes [103].

Over the last few years, it has been possible to
conduct genome-wide association studies
(GWAS) in order to identify single nucleotide
polymorphisms (SNPs) (i.e. a DNA sequence
variation) associated with PCa. The long arm of
chromosome 8 (8q24) was found to contain
multiple SNPs that showed significant associa-
tions with PCa across multiple ethnic groups.
This was the first region to be identified as
related to PCa development. Though the mech-
anisms by which this particular region of chro-
mosome 8 confers an increased risk of PCa are
still unclear, it is known that the coding region
closest to 8q24 is the oncogene Myc. It is
therefore hypothesised that polymorphisms in
this region may be modulating the expression of
Myc, which is discussed in greater detail in the
section below. Genetic studies have also identi-
fied germline mutations in the HOXB13 gene
(present in the 17q21–22 region) in many
hereditary PCa families. In particular, the
HOXB13 G84E variant is associated with a
significantly increased risk of hereditary
PCa [104].
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The catalogue of loci associated with PCa
development has now expanded beyond 8q24
and 17q21–22, with over one hundred additional
SNPs [105] having been identified throughout
the genome. Many SNPs are only moderately
associated with PCa risk; however, there is a
cumulative, dose-dependent effect when multiple
SNPs are present in combination [106]. These
risk-associated variants are currently undergoing
further exploration, and data from recent years
has indicated that there may be several new
potential pathways implicated in the develop-
ment of PCa. [27] Notwithstanding this fact, the
majority of SNPs that are disease associated are
present in non-coding regions and thus have
unexplained functions. One means to ascribe
functionality to certain SNPs is to link them with
expression quantitative trait loci [105], which are
genomic loci that partly account for the genetic
variance of a gene expression phenotype [107].

10.12.1 Genetic Sequencing

Techniques such as gene expression profiling,
comparative genomic hybridisation (CGH) and
SNP arrays analyse tumours at a genome-wide
level. New insights into the molecular profiles of
various cancers have been gained from
large-scale projects characterising and classifying
cancer genomes such as The Cancer Genome
Atlas (www.cancergenome.nih.gov) and the
International Cancer Genome Consortium (www.
icgc.org). The datasets for such classifications,
including those for PCa, are now available as
public resources, and are invaluable tools in the
cancer research community. The integration of
traditional pathology with genomic-based tech-
niques offers the potential of a more accurate and
personalised classification with more informed
decision-making on the part of clinicians, in
addition to the identification of novel therapeutic
targets [108].

Regarding PCa in particular, analyses of
transcriptomes (i.e. collections of all the RNA
transcripts within a cell) and copy number
alterations (CNAs) (i.e. somatic changes to
chromosome structure that result in the gain or

loss in copies of sections of DNA [109] have
been reported by several groups. Consistent
findings include TMPRSS2-ERG fusion
(*50 %), 8p loss (*30–50 %), and 8q gain
(*20–40 %). In addition, numerous general PCa
signatures have been identified through tran-
scriptome studies; however, unlike breast cancer,
defined subtypes with distinct outcomes have not
yet been characterised [108]. Associations have
been identified between relapse and CNA pattern
in primary PCa. Recent work has found that
CNA burden across the genome, defined as the
percentage of the genome affected by CNA, was
associated with biochemical recurrence and
metastatic disease over a broad range of clinical
presentations, independent of PSA status or
Gleason Grade. These results indicate that CNA
burden may be of use for risk prediction in the
pretreatment setting [110].

10.13 Altered Pathways in Prostate
Cancer

The use of tools such as gene expression signa-
tures derived from prostate tumours has led the
field to the discovery of activated pathways that
drive tumour biology. In PCa, a variety of cel-
lular pathways show significant dysregulation.
An understanding of them furnishes us with
diagnostic, prognostic and predictive informa-
tion, as well as opportunities to target certain
steps therapeutically. These pathways include
AR signalling, tyrosine kinase receptor path-
ways, cell cycle regulation, and lipogenesis,
among others. Considerable overlap and
cross-interaction exists between the different
pathways, however, rendering the molecular
pathology of PCa rather complex. In addition,
gene expression profiling has lead to the identi-
fication of both prognostic markers [111] and
metabolic programs that support tumorigenic
genomic alterations [112]. These metabolic pro-
grams can be analysed by other high-throughput
methodologies such as metabolic profiling,
which can be applied to serum as well as tissues.
These novel insights into tumour biology that are
derived from advances in technology and
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high-dimensional data analysis, pave the way to
the possibility of inferring the genomic make up
of a tumour in serum profiling [113]. Further-
more, the integration of different technologies in
the analysis of pathway activation, can lead to the
discovery and utilisation of these biomarkers as
in vivo radiotracer and novel therapeutic targets.
Taken together, these approaches are likely to
improve outcomes while reducing the overtreat-
ment of indolent disease.

Selected important molecular pathways, can-
didate genes and biomarkers pertaining to Pca
are outlined in this section.

10.13.1 The Androgen Receptor
Signalling Pathway

The AR gene is located at Xq12 and codes for
the AR protein, which mediates the development
and differentiation of prostatic cells under normal
physiologic circumstances. IHC studies have
demonstrated persistent AR expression in many
subsets of PCa, including hormone-refractory
disease. This suggests that not only is PCa pro-
gression almost never associated with loss of AR
expression, it may even require AR signalling,
regardless of the upstream activator. AR
expression shows considerable heterogeneity
within specimens, a feature which is more
marked with increasing Gleason grade [114].

Hormone ablation therapy causes a rapid
decrease in tumour volume. This decrease,
unfortunately, is often followed by PCa recur-
rence which is hormone refractory (castration-
resistant) [115]. AR mutations, generation of
ligand-independent splice variants, AR copy
number increase and AR cistrome reprogram-
ming contribute to the development of
hormone-refractory PCa. The AR cistrome, or
the genome-wide set of AR binding sites,
undergoes substantial reprogramming during
prostate tumorigenesis. In this context, HOXB13
and FOXA1 appear to function as co-factors,
enabling cancer cell survival by co-occupying
tumour-only AR binding sites. Amplifications or
mutations of the AR gene could constitute the

mechanism of progression of PCa, by resulting in
a selective growth advantage for the malignant
cells [108]. Indeed, AR gene amplification has
been observed in the androgen-independent state.

10.13.2 Phosphate and Tensin
Homolog and the
Phosphoinositol-3
Kinase Pathway

The PTEN gene, a tumour suppressor gene, is
located at 10q23 [116], and modulates epithelial
proliferation and normal cellular homeostasis. The
gene acts as a negative regulator of the
Phosphoinositol-3 Kinase (PI3K) signalling cas-
cade, thereby inhibiting several cellular functions
such as cell growth, proliferation, differentiation
and survival. It follows that loss of function of
PTEN leads to dysregulation of PI3K signalling,
and subsequent activation of downstream targets
which promote cell proliferation and survival.
These downstream targets include the β[beta]-
alanyl-α [alpha]-ketoglutarate transaminase/
protein kinase B family (mercifully abbreviated
to AKT). AKT is a protein kinase which acts
within the PI3K pathway to mediate multiple
signals upstream [117].

Studies on transgenic mice with PTEN dele-
tion or AKT overexpression have demonstrated
the critical role of this signalling pathway in the
progression of PCa [118–120]. Through the loss
of PTEN function, PI3K signalling upregulation
(which is central to a number of solid tumours) is
thought to be present in 30–50 % of PCas. In
addition, aberrant signalling of this pathway is
strongly associated with metastasis and reduced
survival, and there is some evidence that it is
associated with treatment resistance in addition
[121]. Genetic inactivation of PTEN and conse-
quent activation of the PI3K pathway can be
demonstrated by FISH or IHC studies.

Interestingly, it has been found that molecular
characterisation of PTEN loss in biopsy speci-
mens of low-grade (Gleason score 6) PCa can
help identify which cases are more likely to be
upgraded at subsequent radical prostatectomy.
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Tumours with PTEN loss are more likely to
undergo upgrading in this setting than those
without loss of PTEN, even after adjustment for
age, preoperative PSA, clinical stage, and race.
Use of PTEN as a biomarker in this fashion thus
has the potential to augment the traditional pre-
operative pathologic grading by Gleason score
[122].

10.13.3 TMPRSS2-ERG
and TMPRSS2-ETV1
Translocations

A relatively recent discovery in PCa has been the
translocation resulting in the fusion of TMPRSS2
(21q22.2), which codes for an androgen-
regulated transmembrane protein, with members
of the ETS transcription factors family. The latter
family includes ERG (21q22.3) and ETV1
(7p21.2). The consequence of this translocation is
that the oncogenes ERG and ETV1 are then
regulated by the androgen-responsive promoter of
TMPRSS2. This may constitute a mechanism for
early carcinogenesis [123]. Both translocations
(i.e. TMPRSS2-ERG and TMPRSS2- ETV1)
appear to be mutually exclusive. TMPRSS2-
ERG is the more common of the two, and is
present in 85 % of all ETS fusion-positive sam-
ples, and approximately 50 % of localised
PSA-screened PCa. It can be detected using IHC,
FISH or reverse transcription polymerase chain
reaction (RT-PCR) [76]. The prognostic signifi-
cance of carrying a fusion protein remains unclear
[124–126], one of the splice variants has been
associated with aggressive disease [123]. In
addition, TMPRSS2-ERG has been shown in
mouse models to act in synergy with PTEN loss
in the development of PCa. ERG and ETV1
control a common transcriptional network but
largely in an opposing fashion. In particular,
while ERG negatively regulates the AR tran-
scriptional program, ETV1 cooperates with AR
signalling by favouring activation of the AR
transcriptional program and only ETV1 appeared
to support development of invasive adenocarci-
noma under the background of full PTEN
loss [127].

10.13.4 Myc

CGH studies have shown that one of the most
frequently altered regions in the setting of PCa
progression is 8q24 where the Myc
proto-oncogene is located. More than a fifth of
recurrent and metastatic PCas carry high-level
amplification of Myc [128], which has been
associated with advanced histological grade and
worse prognosis. Furthermore, Myc amplifica-
tion is often concurrent with other chromosome 8
aberrations, and the cumulative effects can lead
to more aggressive biologic behaviour. One such
gene is prostate stem cell antigen (PSCA), which
is located nearby (8q24.2). Increased expression
of PSCA may be linked to PCa progression
[129]. The Myc gene codes for a transcription
factor which is integral to the regulation of var-
ious cellular processes ranging from cellular
proliferation and differentiation to metabolism
and apoptosis. Transgenic mice expressing
human Myc in the prostate showed that these
mice developed PIN and subsequent invasive
carcinoma with 100 % penetrance.

USP2a, a deubiquinating enzyme which is
overexpressed in around 40 % of PCas, has
recently been shown to regulate micro RNA
(miRNA) expression which subsequently results
in Myc upregulation. It has also been suggested
that USP2a can confer chemoresistance through
upregulation of Myc [130, 131]. In a recent study
of ours, (Pettersson, unpublished) no significant
associations between Myc protein expression and
clinicopathologic factors, biochemical recur-
rence, or lethal PCa were seen. Upregulation of
nuclear Myc protein expression is a highly
prevalent and early change in PCa and suggest
that increased nuclear Myc may be a critical
oncogenic event driving human PCa initiation
and progression [132].

10.13.5 Lipogenic Prostate Cancer

Associations between high-fat diet and PCa risk
have been reported in numerous studies. In
addition, there is growing epidemiological evi-
dence to support a relationship between obesity
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and PCa progression. Though the mechanisms
that underlie these associations are unclear, the
insulin-mediated release of insulin-like growth
factor 1 receptor (IGF-1R) has been implicated in
the relationship between PCa and obesity [133].
5′AMP-activated protein kinase (AMPK) is an
energy-sensing serine/threonine kinase which is
activated by metabolic stressors that deplete
intracellular ATP while increasing AMP, such as
glucose deprivation and hypoxia [134]. Once
activated, AMPK reduces plasma insulin, sup-
presses ATP-consuming metabolic functions,
and increases ATP-producing activities in an
effort to restore energy homeostasis. In this way,
it functions as a metabolic switch that mediates
glucose and lipid metabolism. Decreased AMPK
activation has been implicated in obesity and the
metabolic syndrome (MS), both of which are
associated with increased cancer risk. Impor-
tantly, drugs that improve MS conditions through
AMPK activation may also be beneficial for the
prevention and treatment of PCa. In this context,
there is increasing interest in targeting the
metabolic pathways that may be altered during
the development and progression of PCa.

PCa cells synthesise large quantities of fatty
acids and cholesterol de novo, regardless of cir-
culating lipid levels, thus conferring a selective
growth advantage, as well greater self-survival
and drug resistance. Numerous studies have
shown that inactivation of most lipogenic
enzymes, including fatty acid synthase (FASN),
acetyl-CoA-carboxylase (ACC) and 3-hydroxy-
3-methylglutaryl CoA (HMG-CoA) reductase,
leads to either growth suppression or death of
tumour cells. FASN is a metabolic enzyme that
catalyses the synthesis of palmitate from the
condensation of malonyl-CoA and acetyl-CoA
de novo [134]. By converting excess carbon
intake into fatty acids for storage it plays a cen-
tral role in energy homeostasis. The activity and
expression of FASN are closely regulated by
growth factors, hormones and diet. In most nor-
mal cells the enzyme is expressed at low levels.
However, greatly increased expression is seen in

many cancers, including almost all PCas, as well
as in some benign and preinvasive lesions of the
prostate. Indeed, increased FASN expression has
been associated with worse prognosis and a
reduction in disease-free survival in PCa. FASN
thus represents an important biomarker of a
subset of PCas and is an important therapeutic
target. Its inhibition can be achieved by direct
means (e.g. with FASN inhibitors) or indirect
means (e.g. with USP2a inhibitors or AMPK
activators). In addition to FASN and AMPK,
other key lipid enzymes have been identified as
potential therapeutic targets in the treatment of
PCa [134]. To this end, HMG-CoA reductase
inhibitors (i.e. statins) and ACC inhibitors (e.g.
soraphen A) have shown promising preclinical
results, both in vitro and in vivo. The use of
anti-IGF-1R antibodies and IGF-1R tyrosine
kinase inhibitors are currently under investiga-
tion for the treatment of androgen-independent
PCa.

Despite significant efforts, conventional
imaging in PCa does not contribute to patient
management to the same degree as imaging
performed for most other malignancies. In par-
ticular, positron emission tomography (PET) and
PET-CT with the glucose analogue 18F-FDG
have become routine staging tests in clinical
oncology. However, since PCa is less glycolytic
than most other malignancies [135], these par-
ticular techniques have no role in early, localised
disease, and are of very limited benefit in
advanced cancer. Using lipid precursor tracers in
order to monitor the lipogenic profile of the
cancer, these methods exploit the fact that
increased fatty acid synthesis occurs as a rela-
tively early event in prostate tumorigenesis [136]
and correlates with disease progression [135,
137]. Imaging with lipid precursor tracers such as
11C acetate, 11C choline, 18F fluoroacetate or
18F choline has been evaluated to monitor lipo-
genic phenotype in PCa. In particular, both 11C
acetate and 11C choline have shown increased
sensitivity in the detection of primary, metastatic
and recurrent PCa.
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10.14 Summary

We have set out to emphasise the phenotypic
heterogeneity of PCa in this chapter, which
manifests itself in the wide range of biologic
behaviours it exhibits. We have concluded with
the molecular underpinnings of the disease, as
this expanding area of research has furnished us
with promising diagnostic and therapeutic
applications, and it continues to evolve.

References

1. Kumar VL, Majumder PK. Prostate gland: structure,
functions and regulation. Int Urol Nephrol. 1995;27
(3):231–43.

2. Marker PC, Donjacour AA, Dahiya R, Cunha GR.
Hormonal, cellular, and molecular control of pro-
static development. Dev biol. 2003;253(2):165–74.

3. Sadler T. Urogenital system. Langman’s medical
embryology. 11th ed. Lippincott Williams & Wilk-
ins; 2010. p. 235–64.

4. Waltregny D, Leav I, Signoretti S, Soung P, Lin D,
Merk F, et al. Androgen-driven prostate epithelial
cell proliferation and differentiation in vivo involve
the regulation of p27. Mol Endocrinol. 2001;15
(5):765–82.

5. Shima Y, Miyabayashi K, Haraguchi S, Arakawa T,
Otake H, Baba T, et al. Contribution of Leydig and
Sertoli cells to testosterone production in mouse
fetal testes. Mol Endocrinol. 2013;27(1):63–73.

6. Hayward SW, Baskin LS, Haughney PC, Foster BA,
Cunha AR, Dahiya R, et al. Stromal development in
the ventral prostate, anterior prostate and seminal
vesicle of the rat. Acta Anat. 1996;155(2):94–103.

7. Hricak H. Anatomy of the prostate gland and
surgical pathology of prostate cancer. Prostate
cancer: contemporary issues in cancer imaging.
Cambridge University Press; 2008. p. 1–5.

8. Moore K. Pelvis and perineum. Clinically oriented
anatomy. 5th ed. Lippincott Williams & Wilkins;
2006. p. 402–9.

9. Villers A, Steg A, Boccon-Gibod L. Anatomy of the
prostate: review of the different models. Eur Urol.
1991;20(4):261–8.

10. Young B. Male reproductive system. Wheater’s
functional histology. 4th ed. Churchill Livingstone;
2000. p. 337–9.

11. McVary KT, McKenna KE, Lee C. Prostate inner-
vation. Prostate Suppl. 1998; 8:2–13.

12. McCullough AR. Prevention and management of
erectile dysfunction following radical prostatectomy.
Urol Clin N Am. 2001;28(3):613–27.

13. Di Silverio F, Gentile V, De Matteis A, Mariotti G,
Giuseppe V, Luigi PA, et al. Distribution of

inflammation, pre-malignant lesions, incidental car-
cinoma in histologically confirmed benign prostatic
hyperplasia: a retrospective analysis. Eur Urol.
2003;43(2):164–75.

14. Billis A. Prostatic atrophy. Clinicopathological sig-
nificance. Int Braz J Urol (Official Journal of the
Brazilian Society of Urology). 2010;36(4):401–9.

15. Untergasser G, Madersbacher S, Berger P. Benign
prostatic hyperplasia: age-related tissue-remodeling.
Exp Gerontol. 2005;40(3):121–8.

16. Epstein J. Gross anatomy and normal histology.
Biopsy interpretation of the prostate. 4th ed.
Lippincott Williams & Wilkins; 2008. p. 13–21.

17. Srigley JR. Benign mimickers of prostatic adeno-
carcinoma. Mod Pathol (An Official Journal of the
United States and Canadian Academy of Pathology,
Inc.). 2004;17(3):328–48.

18. Nelson EC, Cambio AJ, Yang JC, Ok JH, Lara PN
Jr, Evans CP. Clinical implications of neuroen-
docrine differentiation in prostate cancer. Prostate
Cancer Prostatic Dis. 2007;10(1):6–14.

19. Christian JD, Lamm TC, Morrow JF, Bostwick DG.
Corpora amylacea in adenocarcinoma of the pros-
tate: incidence and histology within needle core
biopsies. Mod Pathol (An Official Journal of the
United States and Canadian Academy of Pathology,
Inc.). 2005;18(1):36–9.

20. Magi-Galluzzi C, Evans AJ, Delahunt B, Epstein JI,
Griffiths DF, van der Kwast TH, et al. International
Society of Urological Pathology (ISUP) consensus
conference on handling and staging of radical
prostatectomy specimens. Working group 3:
extraprostatic extension, lymphovascular invasion
and locally advanced disease. Mod Pathol (An
Official Journal of the United States and Canadian
Academy of Pathology, Inc.). 2011;24(1):26–38.

21. Kumar V. The lower urinary tract and male genital
system. Robbins and cotran pathologic basis of
disease. 8th ed. Elsevier Health Sciences; 2009.
p. 993–1002.

22. Pavlica P, Barozzi L, Bartolone A, Gaudiano C,
Menchi M, Veneziano S. Nonspecific granuloma-
tous prostatitis. Ultraschall Med. 2005;26(3):203–8.

23. Mohan H, Bal A, Punia RP, Bawa AS. Granuloma-
tous prostatitis—an infrequent diagnosis. Int J Urol
(Official Journal of the Japanese Urological Associ-
ation). 2005;12(5):474–8.

24. Preston MA, Wilson KM, Markt SC, Ge R,
Morash C, Stampfer MJ, et al. 5alpha-Reductase
inhibitors and risk of high-grade or lethal prostate
cancer. JAMA Intern Med. 2014;174(8):1301–7.

25. De Marzo AM, Marchi VL, Epstein JI, Nelson WG.
Proliferative inflammatory atrophy of the prostate:
implications for prostatic carcinogenesis. Am J
Pathol. 1999;155(6):1985–92.

26. Vykhovanets EV, Maclennan GT, Vykhovanets OV,
Gupta S. IL-17 Expression by macrophages is
associated with proliferative inflammatory atrophy
lesions in prostate cancer patients. Int J Clin Exp
Pathol. 2011;4(6):552–65.

10 Pathology and Molecular Pathology of Prostate Cancer 145



27. Shah R, Mucci NR, Amin A, Macoska JA,
Rubin MA. Postatrophic hyperplasia of the prostate
gland: neoplastic precursor or innocent bystander?
Am J Pathol. 2001;158(5):1767–73.

28. Macoska JA, Trybus TM, Wojno KJ. 8p22 loss
concurrent with 8c gain is associated with poor
outcome in prostate cancer. Urology. 2000;55
(5):776–82.

29. Epstein J. Prostatic intraepithelial neoplasia and its
mimickers. Biopsy interpretation of the prostate. 4th
ed. Lippincott Williams & Wilkins; 2008. p. 35–43.

30. Alsikafi NF, Brendler CB, Gerber GS,
Yang XJ. High-grade prostatic intraepithelial neo-
plasia with adjacent atypia is associated with a
higher incidence of cancer on subsequent needle
biopsy than high-grade prostatic intraepithelial neo-
plasia alone. Urology. 2001;57(2):296–300.

31. Adamczyk P, Wolski Z, Butkiewicz R, Nussbeutel J,
Drewa T. Significance of atypical small acinar
proliferation and extensive high-grade prostatic
intraepithelial neoplasm in clinical practice. Cent
Eur J Urol. 2014;67(2):136–41.

32. Bostwick DG, Qian J. High-grade prostatic intraep-
ithelial neoplasia. Mod Pathol (An Official Journal
of the United States and Canadian Academy of
Pathology, Inc.). 2004;17(3):360–79.

33. Vral A, Magri V, Montanari E, Gazzano G, Gour-
vas V, Marras E, et al. Topographic and quantitative
relationship between prostate inflammation, prolif-
erative inflammatory atrophy and low-grade prostate
intraepithelial neoplasia: a biopsy study in chronic
prostatitis patients. Int J Oncol. 2012;41(6):1950–8.

34. Sfanos KS, De Marzo AM. Prostate cancer and
inflammation: the evidence. Histopathology. 2012;60
(1):199–215.

35. Epstein J. Diagnosis of limted adenocarcinoma of the
prostate. Biopsy interpretation of the prostate. 4th ed.
Lippincott, Williams & Wilkins; 2008. p. 81–3.

36. Martinez-Outschoorn U, Sotgia F, Lisanti MP.
Tumor microenvironment and metabolic synergy
in breast cancers: critical importance of mitochon-
drial fuels and function. Semin Oncol. 2014;41
(2):195–216.

37. Cammarota R, Bertolini V, Pennesi G, Bucci EO,
Gottardi O, Garlanda C, et al. The tumor microen-
vironment of colorectal cancer: stromal TLR-4
expression as a potential prognostic marker.
J Transl Med. 2010;8:112.

38. Hagglof C, Bergh A. The stroma-a key regulator in
prostate function and malignancy. Cancers. 2012;4
(2):531–48.

39. Barron DA, Rowley DR. The reactive stroma
microenvironment and prostate cancer progression.
Endocr Relat Cancer. 2012;19(6):R187–204.

40. Bianchini F, Giannoni E, Serni S, Chiarugi P,
Calorini L. 22: 6n-3 DHA inhibits differentiation of
prostate fibroblasts into myofibroblasts and tumori-
genesis. Br J Nutr. 2012;108(12):2129–37.

41. Kharaishvili G, Simkova D, Bouchalova K,
Gachechiladze M, Narsia N, Bouchal J. The role

of cancer-associated fibroblasts, solid stress and
other microenvironmental factors in tumor progres-
sion and therapy resistance. Cancer Cell Int.
2014;14:41.

42. Liao CP, Adisetiyo H, Liang M, Roy-Burman
P. Cancer-associated fibroblasts enhance the
gland-forming capability of prostate cancer stem
cells. Cancer Res. 2010;70(18):7294–303.

43. Stewart DA, Cooper CR, Sikes RA. Changes in
extracellular matrix (ECM) and ECM-associated
proteins in the metastatic progression of prostate
cancer. Reprod Biol Endocrinol (RB&E). 2004;2:2.

44. Kalluri R, Zeisberg M. Fibroblasts in cancer. Nat
Rev Cancer. 2006;6(5):392–401.

45. Comito G, Giannoni E, Segura CP,
Barcellos-de-Souza P, Raspollini MR, Baroni G,
et al. Cancer-associated fibroblasts and M2-polarized
macrophages synergize during prostate carcinoma
progression. Oncogene. 2014;33(19):2423–31.

46. Nakai Y, Nonomura N. Inflammation and prostate
carcinogenesis. Int J Urol (Official Journal of the
Japanese Urological Association). 2013;20(2):
150–60.

47. Omabe M, Ezeani M. Infection, inflammation and
prostate carcinogenesis. Infect Genet Evol (Journal of
Molecular Epidemiology and Evolutionary Genetics
in Infectious Diseases). 2011;11(6):1195–8.

48. Wang X, Lee SO, Xia S, Jiang Q, Luo J, Li L, et al.
Endothelial cells enhance prostate cancer metastasis
via IL-6→androgen receptor→TGF-beta→MMP-9
signals. Mol Cancer Ther. 2013;12(6):1026–37.

49. Zhou M, Shah R, Shen R, Rubin MA. Basal cell
cocktail (34betaE12 + p63) improves the detection
of prostate basal cells. Am J Surg Pathol. 2003;27
(3):365–71.

50. Sun Y, Niu J, Huang J. Neuroendocrine differenti-
ation in prostate cancer. Am J Transl Res. 2009;
1(2):148–62.

51. Epstein JI, Amin MB, Beltran H, Lotan TL, Mos-
quera JM, Reuter VE, et al. Proposed morphologic
classification of prostate cancer with neuroendocrine
differentiation. Am J Surg Pathol. 2014;38(6):
756–67.

52. Ananthanarayanan V, Deaton RJ, Yang XJ,
Pins MR, Gann PH. Alpha-methylacyl-CoA race-
mase (AMACR) expression in normal prostatic
glands and high-grade prostatic intraepithelial neo-
plasia (HGPIN): association with diagnosis of
prostate cancer. Prostate. 2005;63(4):341–6.

53. Herawi M, Epstein JI. Immunohistochemical anti-
body cocktail staining (p63/HMWCK/AMACR) of
ductal adenocarcinoma and Gleason pattern 4 crib-
riform and noncribriform acinar adenocarcinomas of
the prostate. Am J Surg Pathol. 2007;31(6):889–94.

54. Wei J, Xu G, Wu M, Zhang Y, Li Q, Liu P, et al.
Overexpression of vimentin contributes to prostate
cancer invasion and metastasis via src regulation.
Anticancer Res. 2008;28(1A):327–34.

55. Egevad L, Mazzucchelli R, Montironi R. Implica-
tions of the International Society of Urological

146 N. Tchrakian et al.



Pathology modified Gleason grading system. Arch
Pathol Lab Med. 2012;136(4):426–34.

56. Epstein J. Grading of prostatic adenocarcinomas.
Biopsy interpretation of the prostate. 4th ed.
Lippincott, Williams & Wilkins; 2008. p. 175–87.

57. Pierorazio PM, Walsh PC, Partin AW, Epstein JI.
Prognostic Gleason grade grouping: data based on
the modified Gleason scoring system. BJU Int.
2013;111(5):753–60.

58. Epstein JI. An update of the Gleason grading
system. J Urol. 2010;183(2):433–40.

59. Lotan TL, Epstein JI. Clinical implications of
changing definitions within the Gleason grading
system. Nat Rev Urol. 2010;7(3):136–42.

60. Epstein JI, Allsbrook WC, Jr., Amin MB,
Egevad LL, Committee IG. The 2005 International
Society of Urological Pathology (ISUP) consensus
conference on Gleason grading of prostatic carci-
noma. Am J Surg Pathol. 2005;29(9):1228–42.

61. Billis A, Guimaraes MS, Freitas LL, Meirelles L,
Magna LA, Ferreira U. The impact of the 2005
International Society of Urological Pathology con-
sensus conference on standard Gleason grading of
prostatic carcinoma in needle biopsies. J Urol.
2008;180(2):548–52, discussion 52–3.

62. Tsivian M, Sun L, Mouraviev V, Madden JF,
Mayes JM, Moul JW, et al. Changes in Gleason
score grading and their effect in predicting outcome
after radical prostatectomy. Urology. 2009;74
(5):1090–3.

63. Epstein JI, Evegad, L, Amin MB, Delahunt, B,
Srigley JR, Humphrey PA. The 2014 International
Society of Urological Pathology (ISUP) consensus
conference on Gleason grading of prostatic carci-
noma. Definition of grading patterns and proposal
for a new grading system. Am J Surg Pathol.
2015 [epub ahead of print].

64. Helpap B, Egevad L. Correlation ofmodifiedGleason
grading with pT stage of prostatic carcinoma after
radical prostatectomy. Anal Quant Cytol Histol (The
International Academy of Cytology [and] American
Society of Cytology). 2008;30(1):1–7.

65. Corcoran NM, Hong MK, Casey RG, Hurtado-Coll
A, Peters J, Harewood L, et al. Upgrade in Gleason
score between prostate biopsies and pathology
following radical prostatectomy significantly
impacts upon the risk of biochemical recurrence.
BJU Int. 2011;108(8):E202–10.

66. Suer E, Gokce MI, Gulpinar O, Guclu AG,
Haciyev P, Gogus C, et al. How significant is
upgrade in Gleason score between prostate biopsy
and radical prostatectomy pathology while dis-
cussing less invasive treatment options? Scand J
Urol. 2014;48(2):177–82.

67. D’Elia C, Cerruto MA, Cioffi A, Novella G, Caval-
leri S, Artibani W. Upgrading and upstaging in
prostate cancer: from prostate biopsy to radical
prostatectomy. Mol Clin Oncol. 2014;2(6):1145–9.

68. Edge S. Genitourinary sites. AJCC Cancer staging
manual. 7th ed. Springer; 2010. p. 457–68.

69. Epstein JI, et al. Tumours of the prostate. In:
Eble JN, Sauter G, Epstein JI, Sesterhenn IA,
editors. IARC WHO classification of tumours
tumours of the urinary system and male genital
organs. 2004. p. 159–216.

70. Sobel RE, Sadar MD. Cell lines used in prostate
cancer research: a compendium of old and new lines
—part 2. J Urol. 2005;173(2):360–72.

71. Johnson IR, Parkinson-Lawrence EJ, Butler LM,
Brooks DA. Prostate cell lines as models for
biomarker discovery: performance of current mark-
ers and the search for new biomarkers. Prostate.
2014;74(5):547–60.

72. Gao D, Vela I, Sboner A, Iaquinta PJ, Karthaus WR,
Gopalan A, et al. Organoid cultures derived from
patients with advanced prostate cancer. Cell.
2014;159(1):176–87.

73. Karthaus WR, Iaquinta PJ, Drost J, Gracanin A, van
Boxtel R, Wongvipat J, et al. Identification of
multipotent luminal progenitor cells in human
prostate organoid cultures. Cell. 2014;159(1):
163–75.

74. Valkenburg KC, Williams BO. Mouse models of
prostate cancer. Prostate Cancer. 2011;2011:895238.

75. Parisotto M, Metzger D. Genetically engineered
mouse models of prostate cancer. Mol Oncol.
2013;7(2):190–205.

76. Ittmann M, Huang J, Radaelli E, Martin P, Sig-
noretti S, Sullivan R, et al. Animal models of human
prostate cancer: the consensus report of the New
York meeting of the Mouse Models of Human
Cancers Consortium Prostate Pathology Committee.
Cancer Res. 2013;73(9):2718–36.

77. Irshad S, Abate-Shen C. Modeling prostate cancer in
mice: something old, something new, something
premalignant, something metastatic. Cancer Metas-
tasis Rev. 2013;32(1–2):109–22.

78. Cho H, Herzka T, Zheng W, Qi J, Wilkinson JE,
Bradner JE, et al. RapidCaP, a novel GEM model
for metastatic prostate cancer analysis and therapy,
reveals myc as a driver of Pten-mutant metastasis.
Cancer Discov. 2014;4(3):318–33.

79. Song Y, Gilbert D, O’Sullivan TN, Yang C, Pan W,
Fathalizadeh A, et al. Carcinoma initiation via RB
tumor suppressor inactivation: a versatile approach
to epithelial subtype-dependent cancer initiation in
diverse tissues. PLoS ONE. 2013;8(12):e80459.

80. Bjerke GA, Pietrzak K, Melhuish TA, Frierson HF
Jr, Paschal BM, Wotton D. Prostate cancer induced
by loss of Apc is restrained by TGFbeta signaling.
PLoS ONE. 2014;9(3):e92800.

81. Lawrence MG, Taylor RA, Toivanen R, Pedersen J,
Norden S, Pook DW, et al. A preclinical xenograft
model of prostate cancer using human tumors. Nat
Protoc. 2013;8(5):836–48.

82. Priolo C, Agostini M, Vena N, Ligon AH,
Fiorentino M, Shin E, et al. Establishment and
genomic characterization of mouse xenografts of
human primary prostate tumors. Am J Pathol.
2010;176(4):1901–13.

10 Pathology and Molecular Pathology of Prostate Cancer 147



83. Rubin MA, Dunn R, Strawderman M, Pienta KJ. Tis-
sue microarray sampling strategy for prostate cancer
biomarker analysis. Am J Surg Pathol. 2002;26
(3):312–9.

84. Jawhar NM. Tissue microarray: a rapidly evolving
diagnostic and research tool. Ann Saudi Med.
2009;29(2):123–7.

85. Esmaeilsabzali H, Beischlag TV, Cox ME,
Parameswaran AM, Park EJ. Detection and isolation
of circulating tumor cells: principles and methods.
Biotechnol Adv. 2013;31(7):1063–84.

86. Pantel K, Alix-Panabieres C. Detection methods of
circulating tumor cells. J Thorac Dis. 2012;
4(5):446–7.

87. Sollier E, Go DE, Che J, Gossett DR, O’Byrne S,
Weaver WM, et al. Size-selective collection of
circulating tumor cells using Vortex technology. Lab
Chip. 2014;14(1):63–77.

88. Lohr JG, Adalsteinsson VA, Cibulskis K, Choud-
hury AD, Rosenberg M, Cruz-Gordillo P, et al.
Whole-exome sequencing of circulating tumor cells
provides a window into metastatic prostate cancer.
Nat Biotechnol. 2014;32(5):479–84.

89. Amato RJ, Melnikova V, Zhang Y, Liu W, Saxena S,
Shah PK, et al. Epithelial cell adhesion
molecule-positive circulating tumor cells as predic-
tive biomarker in patients with prostate cancer.
Urology. 2013;81(6):1303–7.

90. Papadopoulou E, Davilas E, Sotiriou V,
Koliopanos A, Aggelakis F, Dardoufas K, et al.
Cell-free DNA and RNA in plasma as a new
molecular marker for prostate cancer. Oncol Res.
2004;14(9):439–45.

91. Boddy JL, Gal S, Malone PR, Harris AL, Wain-
scoat JS. Prospective study of quantitation of plasma
DNA levels in the diagnosis of malignant versus
benign prostate disease. Clin Cancer Res (An
Official Journal of the American Association for
Cancer Research). 2005;11(4):1394–9.

92. Chun FK, Muller I, Lange I, Friedrich MG, Erbers-
dobler A, Karakiewicz PI, et al. Circulating
tumour-associated plasma DNA represents an inde-
pendent and informative predictor of prostate
cancer. BJU Int. 2006;98(3):544–8.

93. Altimari A, Grigioni AD, Benedettini E, Gabusi E,
Schiavina R, Martinelli A, et al. Diagnostic role of
circulating free plasma DNA detection in patients
with localized prostate cancer. Am J Clin Pathol.
2008;129(5):756–62.

94. Schwarzenbach H, Alix-Panabieres C, Muller I,
Letang N, Vendrell JP, Rebillard X, et al. Cell-free
tumor DNA in blood plasma as a marker for
circulating tumor cells in prostate cancer. Clin
Cancer Res (An Official Journal of the American
Association for Cancer Research). 2009;15
(3):1032–8.

95. Joseph A, Gnanapragasam VJ. Laser-capture
microdissection and transcriptional profiling in
archival FFPE tissue in prostate cancer. Methods
Mol Biol. 2011;755:291–300.

96. Chaux A, Albadine R, Toubaji A, Hicks J, Meeker A,
Platz EA, et al. Immunohistochemistry for ERG
expression as a surrogate for TMPRSS2-ERG fusion
detection in prostatic adenocarcinomas. Am J Surg
Pathol. 2011;35(7):1014–20.

97. Ornstein DK, Cinquanta M, Weiler S, Duray PH,
Emmert-Buck MR, Vocke CD, et al. Expression
studies and mutational analysis of the androgen
regulated homeobox gene NKX3.1 in benign and
malignant prostate epithelium. J Urol. 2001;165
(4):1329–34.

98. Zhang Y, Perez T, Blondin B, Du J, Liu P,
Escarzaga D, et al. Identification of FISH biomark-
ers to detect chromosome abnormalities associated
with prostate adenocarcinoma in tumour and field
effect environment. BMC Cancer. 2014;14:129.

99. Byers RJ, Di Vizio D, O’Connell F, Tholouli E,
Levenson RM, Gossage K, et al. Semiautomated
multiplexed quantum dot-based in situ hybridization
and spectral deconvolution. J Mol Diagn (JMD).
2007;9(1):20–9.

100. Goering W, Kloth M, Schulz WA. DNA methyla-
tion changes in prostate cancer. Methods Mol Biol.
2012;863:47–66.

101. Strand SH, Orntoft TF, Sorensen KD. Prognos-
tic DNA methylation markers for prostate cancer.
Int J Mol Sci. 2014;15(9):16544–76.

102. Loeb S, Peskoe SB, Joshu CE, Huang WY,
Hayes RB, Carter HB, et al. Do environmental
factors modify the genetic risk of prostate cancer?
Cancer epidemiology, biomarkers & prevention.
A publication of the American Association for
Cancer Research, cosponsored by the American
Society of Preventive Oncology. 2014.

103. Bova GS, Partin AW, Isaacs SD, Carter BS,
Beaty TL, Isaacs WB, et al. Biological aggressive-
ness of hereditary prostate cancer: long-term eval-
uation following radical prostatectomy. J Urol.
1998;160(3):660–3.

104. Ewing CM, Ray AM, Lange EM, Zuhlke KA,
Robbins CM, Tembe WD, et al. Germline mutations
in HOXB13 and prostate-cancer risk. N Engl J Med.
2012;366(2):141–9.

105. Jiang J, Jia P, Shen B, Zhao Z. Top associated SNPs
in prostate cancer are significantly enriched in
cis-expression quantitative trait loci and at transcrip-
tion factor binding sites. Oncotarget. 2014;
5(15):6168–77.

106. Van den Broeck T, Joniau S, Clinckemalie L,
Helsen C, Prekovic S, Spans L, et al. The role of
single nucleotide polymorphisms in predicting
prostate cancer risk and therapeutic decision mak-
ing. BioMed Res Int. 2014;2014:627510.

107. Nica AC, Dermitzakis ET. Expression quantitative
trait loci: present and future. Philos Trans R Soc
Lond B Biol Sci. 2013;368(1620):20120362.

108. Taylor BS, Schultz N, Hieronymus H, Gopalan A,
Xiao Y, Carver BS, et al. Integrative genomic
profiling of human prostate cancer. Cancer Cell.
2010;18(1):11–22.

148 N. Tchrakian et al.



109. Beroukhim R, Mermel CH, Porter D, Wei G,
Raychaudhuri S, Donovan J, et al. The landscape
of somatic copy-number alteration across human
cancers. Nature. 2010;463(7283):899–905.

110. Hieronymus H, Schultz N, Gopalan A, Carver BS,
Chang MT, Xiao Y, et al. Copy number alteration
burden predicts prostate cancer relapse. Proc Natl
Acad Sci USA. 2014;111(30):11139–44.

111. Ding Z, Wu CJ, Chu GC, Xiao Y, Ho D, Zhang J,
et al. SMAD4-dependent barrier constrains prostate
cancer growth and metastatic progression. Nature.
2011;470(7333):269–73.

112. Penney KL, Sinnott JA, Fall K, Pawitan Y,
HoshidaY, Kraft P, et al. mRNA expression signature
ofGleason grade predicts lethal prostate cancer. J Clin
Oncol (Official Journal of the American Society of
Clinical Oncology). 2011;29(17):2391–6.

113. Priolo C, Pyne S, Rose J, Regan ER, Zadra G,
Photopoulos C, et al. AKT1 and MYC induce
distinctive metabolic fingerprints in human prostate
cancer. Cancer Res. 2014.

114. Magi-Galluzzi C, Xu X, Hlatky L, Hahnfeldt P,
Kaplan I, Hsiao P, et al. Heterogeneity of androgen
receptor content in advanced prostate cancer. Mod
Pathol (An Official Journal of the United States and
Canadian Academy of Pathology, Inc.). 1997;10
(8):839–45.

115. Hodgson MC, Bowden WA, Agoulnik IU. Andro-
gen receptor footprint on the way to prostate cancer
progression. World J Urol. 2012;30(3):279–85.

116. Kumar V. Neoplasia. Robbins and Cotran patho-
logic basis of disease. Elsevier Health Sciences;
2009. p. 294.

117. Martin NE, et al. Measuring PI3K activation in
prostate cancer using immunohistochemistry and
RNA expression. Mol Can Res. 2014;(in
revision).

118. Lee SH, Poulogiannis G, Pyne S, Jia S, Zou L,
Signoretti S, et al. A constitutively activated form of
the p110beta isoform of PI3-kinase induces prostatic
intraepithelial neoplasia in mice. Proc Natl Acad
Sci USA. 2010;107(24):11002–7.

119. Majumder PK, Grisanzio C, O’Connell F, Barry M,
Brito JM, Xu Q, et al. A prostatic intraepithelial
neoplasia-dependent p27 Kip1 checkpoint induces
senescence and inhibits cell proliferation and cancer
progression. Cancer Cell. 2008;14(2):146–55.

120. Chen ML, Xu PZ, Peng XD, Chen WS, Guzman G,
Yang X, et al. The deficiency of Akt1 is sufficient to
suppress tumor development in Pten+/− mice. Genes
Dev. 2006;20(12):1569–74.

121. Fiorentino M, Capizzi E, Loda M. Blood and tissue
biomarkers in prostate cancer: state of the art. Urol
Clin N Am. 2010;37(1):131–41 (Table of Contents).

122. Lotan TL, Carvalho FL, Peskoe SB, Hicks JL,
Good J, Fedor HL, et al. PTEN loss is associated
with upgrading of prostate cancer from biopsy to
radical prostatectomy. Mod Pathol (An Official

Journal of the United States and Canadian Academy
of Pathology, Inc.). 2014.

123. Benedettini E, Nguyen P, Loda M. The pathogenesis
of prostate cancer: from molecular to metabolic
alterations. Diagn Histopathol. 2008;14(5):195–201.

124. St John J, Powell K, Conley-Lacomb MK,
Chinni SR. TMPRSS2-ERG fusion gene expression
in prostate tumor cells and its clinical and biological
significance in prostate cancer progression. J Cancer
Sci Ther. 2012;4(4):94–101.

125. Clark JP, Cooper CS. ETS gene fusions in prostate
cancer. Nat Rev Urol. 2009;6(8):429–39.

126. Narod SA, Seth A, Nam R. Fusion in the ETS gene
family and prostate cancer. Br J Cancer. 2008;99
(6):847–51.

127. Baena E, Shao Z, Linn DE, Glass K, Hamblen MJ,
Fujiwara Y, et al. ETV1 directs androgen metabolism
and confers aggressive prostate cancer in targeted
mice and patients. Genes Dev. 2013;27(6):683–98.

128. Clegg NJ, Couto SS, Wongvipat J, Hieronymus H,
Carver BS, Taylor BS, et al. MYC cooperates with
AKT in prostate tumorigenesis and alters sensitivity
to mTOR inhibitors. PLoS ONE. 2011;6(3):e17449.

129. Dong L, Zhang X, Yu C, Yu T, Liu S, Hou L, et al.
Monitoring luciferase-labeled human prostate stem
cell antigen-expressing tumor growth in a mouse
model. Exp Ther Med. 2013;6(5):1208–12.

130. Benassi B, Marani M, Loda M, Blandino G. USP2a
alters chemotherapeutic response by modulating
redox. Cell Death Dis. 2013;4:e812.

131. Benassi B, Flavin R, Marchionni L, Zanata S,
Pan Y, Chowdhury D, et al. MYC is activated by
USP2a-mediated modulation of microRNAs in
prostate cancer. Cancer Discov. 2012;2(3):236–47.

132. Gurel B, Iwata T, Koh CM, Jenkins RB, Lan F, Van
Dang C, et al. Nuclear MYC protein overexpression
is an early alteration in human prostate carcinogen-
esis. Mod Pathol (an official journal of the United
States and Canadian Academy of Pathology, Inc.).
2008;21(9):1156–67.

133. Allott EH, Masko EM, Freedland SJ. Obesity and
prostate cancer: weighing the evidence. Eur Urol.
2013;63(5):800–9.

134. Flavin R, Zadra G, Loda M. Metabolic alterations
and targeted therapies in prostate cancer. J Pathol.
2011;223(2):283–94.

135. Zadra G, Photopoulos C, Loda M. The fat side of
prostate cancer. Biochim Biophys Acta. 2013;1831
(10):1518–32.

136. Migita T, Ruiz S, Fornari A, Fiorentino M, Priolo C,
Zadra G, et al. Fatty acid synthase: a metabolic
enzyme and candidate oncogene in prostate cancer.
J Natl Cancer Inst. 2009;101(7):519–32.

137. Hamada S, Horiguchi A, Kuroda K, Ito K, Asano T,
Miyai K, et al. Increased fatty acid synthase
expression in prostate biopsy cores predicts higher
Gleason score in radical prostatectomy specimen.
BMC Clin Pathol. 2014;14(1):3.

10 Pathology and Molecular Pathology of Prostate Cancer 149



11Epidemiology of Breast Cancer

Rulla M. Tamimi

11.1 Clinical Picture of Disease

11.1.1 Symptoms

Prior to mammographic screening, the most
common initial symptom for breast cancer was a
palpable tumor. Occasionally, however, changes
in the nipple or spread to axillary lymph nodes or
distant metastases, often in the lung or bone,
prompted medical consultation. Mammographic
screening programs began in many developed
countries in the 1980s and uptake of such pro-
grams has increased globally. Today, many
breast cancers are diagnosed before symptoms
occur due to mammographic screening.

11.1.2 Diagnosis

When breast cancer is suspected on the basis of
clinical examination or mammography, patho-
logic confirmation is necessary before definitive
primary treatment. A core biopsy, fine needle
aspiration, or surgical biopsy can be used to
establish the diagnosis.

11.1.3 Histopathologic
and Molecular
Subtypes

Almost all breast cancers are adenocarcinomas.
Cancer in situ of the breast is now detected more
often due to widespread use of mammography.
The etiology and natural history of in situ cancers
and their relation to invasive cancer are largely
unknown. Therefore, this chapter focuses on
invasive cancer only. Invasive breast carcinomas
are often described as either ductal, the most
common type, or lobular. Current methods of
breast cancer classification group tumors into
genetically and molecularly defined intrinsic
subtypes including, but not limited to: luminal A,
luminal B, HER2-overexpressing, and triple
negative cancers [1]. Characteristics such as
estrogen receptor (ER), progesterone receptor
(PR), and HER2 status of the tumor are important
for prognosis and treatment decisions.

11.1.4 Treatment

Today, breast-conserving surgery is used
increasingly in combination with postoperative
radiation therapy, which limits local recurrences.
Moreover, adjuvant treatment with chemotherapy
or tamoxifen, an antiestrogen, has become part of
routine treatment for ER-positive tumors. The
most recent clinical guidelines are now recom-
mending the inclusion of aromatase inhibitors as
an initial therapy, or after tamoxifen therapy, for
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postmenopausal women with estrogen receptor
positive (ER+) breast cancer. Women with
HER2-positive cancers are likely to benefit from
treatment with HER2 targeted therapies such as
trastuzumab (Herceptin) or lapatinib (Tykerb).

11.1.5 Prognosis

In the United States (U.S.), overall 5-year breast
cancer relative survival rates have been increasing
over time. Among women diagnosed in 1986–
1993, 5-year relative survival was 84.2 %, and this
increased to91 %in2007.This reflects both earlier
detection through mammography and improved
treatment. It shouldbenoted that the 5-year relative
survival rates are substantially higher amongwhite
women compared with black women.

11.2 Descriptive Epidemiology
of Breast Cancer

11.2.1 Burden of Disease

Breast cancer is one of the most common cancers
among women in the U.S., accounting for 32 % of

all incident cancers among women [2, 3] and
affecting approximately 232,670 women per year
[4]. Breast cancer is rare among men of all ages
and women who are younger than 30 years[2].
Incidence rates increase over a lifetime, slowing
down around menopause (Fig. 11.1); the inci-
dence rate for women age 30–34 is 25 per 100,000,
for women age 45–49 is 190 per 100,000, and for
women age 70–74 is 455 per 100,000. Addition-
ally, the lifetime risk of being diagnosed through
age 85 for U.S. women is 1 in 8 (12.3 %) [4].

Breast cancer is the second leading cause of
cancer death among U.S. women, after lung
cancer, which is the leading cause of cancer
death among women [2]. Approximately 40,000
women die per year from breast cancer [4].
Breast cancer is the leading cause of death
among women age 40–55 [2]. However, the
lifetime risk of death from breast cancer is low
(3.4%) [5]. As of 2012, there are approximately
2.9 million breast cancer survivors (i.e., women
who have been diagnosed with breast cancer who
are alive) in the U.S. [4].

Breast cancer incidence and mortality rates
vary significantly by race and ethnicity. His-
panic, Asian, and American Indian women have
the lowest incidence rates of breast cancer, while

Fig. 11.1 Age incidence and mortality curves for breast
cancer in the U.S. for African American women and
non-Hispanic white women (SEER Research Data 1973–
2012; Fast Stats: an interactive tool for access to SEER

cancer statistics. Surveillance Research Program, National
Cancer Institute. http://seer.cancer.gov/faststats.)
(Accessed on 11-21-2015)
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white and African American women have the
highest incidence rates. Overall, white U.S.
women have the highest lifetime risk (12.8 %) of
breast cancer, while African American women
have a slightly lower life time risk of 10.1 % [6].
However, African American women have higher
incidence rates before age 40 and also have
higher rates of more aggressive breast cancer
subtypes such as estrogen receptor negative (ER
−) breast cancers compared with white women
[7]. White women also have the highest
age-adjusted incidence rate (137 per 100,000 vs.
118 per 100,000) compared to all other
race/ethnicities. Although white women have
higher lifetime risk and age-adjusted incidence
rates, they have lower mortality rates than Afri-
can American women (Fig. 11.2) [6, 7]. African
American women have a 3.4 % (30.8 per
100,000) risk of dying from breast cancer com-
pared to a 3.1 % (22.7 per 100,000) for white
women [5, 6].

11.2.2 Incidence and Mortality
Trends

Breast cancer incidence (Fig. 11.3) and mortality
trends (Fig. 11.4) have varied over time in the U.

S. Breast cancer incidence has increased in all age
groups since 1930, averaging 1.4 % increase in
age-adjusted incidence per year from 1950–2000
[8]. This increase has increased more sharply in
older women and young African American
women (22 %) [6, 7]. Increases since the 1930s
may be attributable to the changing prevalence of
breast cancer risk factors including changes in
reproductive patterns, increasing exogenous hor-
mone use, and increasing postmenopausal body
mass index (BMI). Moreover, increases in inci-
dence rates seen since the 1980s can be attributed
in part to widespread uptake of screening mam-
mography [9–14]. Additionally, from 2001 to
2004, a decrease in incidence rates (3.5 %)
occurred possibly due to the 2002 Women’s
Health Initiative (WHI) finding that estrogen plus
progestin menopausal hormone therapy increased
breast cancer risk for postmenopausal women
(See Sect. 11.4.6) [8, 15]. From 2006 to 2010,
overall breast cancer incidence rates increased
slightly among African Americans (0.2 % per
year) and decreased among Hispanic women,
with no change in other racial groups [7].

In 2008, breast cancer incidence rates varied by
more than 13-fold [16], with the highest rates
observed in Europe and North America and the
lowest rates in Asia. This likely reflects a

Fig. 11.2 Breast Cancer Incidence and Mortality Rates
(per 100,000) by Race and Ethnicity (SEER Research
Data 1973-2012; Fast Stats: An interactive tool for access

to SEER cancer statistics. Surveillance Research Program,
National Cancer Institute. http://seer.cancer.gov/faststats.)
(Accessed on 11-21-2015)
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combination of differences in breast cancer
screening, reporting, and risk factor exposure rates.
Migrant studies, in which changes in breast cancer
rates are evaluated in womenwhomove from low-
tohigh-risk countries—orviceversa—haveshown
that the rates of the host country are assumed over
time, frequently one or two generations later [17,
18]. These data indicate that international differ-
ences in breast cancer rates may be due, at least in
part, to environmental and lifestyle differences.

Age-adjusted mortality rates were stable from
1950s to 1980s [19], with a slight decrease in
mortality in the 1980s–1990s likely due to
advances in treatment and screening [3]. Mor-
tality rates from the 1970s to 1990s continued to
decrease for young and old (>60) white women,
while increasing for African American women in
all age groups [20]. Recently, both white and
African American women have seen declines in
breast cancer mortality rates, although the decline

Fig. 11.3 Age-Adjusted Incidence Rates (per 100,000)
of Female Breast Cancer from 1975–2012 (SEER
Research Data 1973-2012; Fast Stats: An interactive tool

for access to SEER cancer statistics. Surveillance
Research Program, National Cancer Institute. http://seer.
cancer.gov/faststats.) (Accessed on 11-21-2015)

Fig. 11.4 Age-Adjusted Mortality Rates (per 100,000)
of Female Breast Cancer from 1975–2012 (SEER
Research Data 1973-2012; Fast Stats: An interactive tool

for access to SEER cancer statistics. Surveillance
Research Program, National Cancer Institute. http://seer.
cancer.gov/faststats.) (Accessed on 11-21-2015)
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was smaller for African American women (1.6 %
per year) when compared to white women
(2.3 % per year) [6]. However, there are still
disparities in 5-year survival rates between
African American and white women (79 % vs.
92 %, respectively) [6].

11.3 Breast Cancer Subtypes

11.3.1 Introduction

Breast cancer is a heterogeneous disease with
respect to its etiology, prognosis, and response to
therapy. ER status and tumor grade were among
the first important prognostic and predictive
factors. In the early 1970s, the first reliable assay
for testing ER status in tumors was available
[21]. Presence of ER is important for response to
specific treatments (e.g., tamoxifen, aromatase
inhibitors) and prognosis, and more recently may
define etiologic subtypes. Additionally, breast
cancer can also be characterized by menopausal
status at time of diagnosis and by histologic
subtype.

Recently, there have been large-scale efforts to
further characterize the distinct genetic and geno-
mic variation of breast tumors [22–24]. It was not
until the early 2000s that four major breast cancer
molecular subtypes were identified: luminal

A-like, luminal B-like, HER2+ type, and triple
negative (or basal-like) identified through gene
expression profiling and hierarchical clustering
analyses. As with ER status, these breast cancer
subtypes are associated with different etiologies,
risk factors, clinical outcomes, and treatment
options (Table 11.1) [25]. Large-scale epidemio-
logic studies have utilized immunohistochemical
staining for markers including ER, progesterone
receptor (PR), and human epidermal receptor 2
(HER2) (can also be assessed through fluorescent
in situ hybridization), epidermal growth factor
receptor (EGFR) and cytokeratin (CK) 5/6 as a
proxy for the gene expression [22]. Below is an
overview of these breast cancer subtypes as sum-
marized by the 2013 St. Gallen Consensus report
[22].

11.3.2 Luminal A-like

Luminal A-like breast cancer is the most common
breast cancer subtype accounting for 42–59 % of
all breast cancer cases and includes ER+/PR+/
HER2-cancers [26]. These cancers are low grade
1 or 2 and/or have low Ki-67 expression (prolif-
erative marker). Luminal A-like breast cancer
tends to be less aggressive, slow growing, and
more endocrine sensitive, thus associated with
better prognosis [7]. Endocrine therapy is the

Table 11.1 Summary of breast cancer subtypes, molecular markers, prevalence, and clinical characteristics

Subtype Markers Prevalence
(%)

Clinical characteristics

Luminal A-like ER+ and/or PR
+/HER2−/low
grade

42–59 Less aggressive, slow growing, endocrine sensitive.
Low recurrence rates

Luminal B-like ER+ and/or PR
+/HER+
Or
ER+ and/or PR
+/HER2-/high
grade

10–20 Aggressive, poor-prognosis, less estrogen sensitive.
High recurrence rates. High recurrence rates

HER2+ type ER-/PR-/HER2
+

10–20 Aggressive, poor short-term prognosis, more common
in younger women. High recurrence rates

Triple
negative/Basal-like

ER−/PR−/
HER2−

10–20 Fast growing, aggressive, often has a higher grade, and
tends to metastasize. High recurrence rates. More
common in African Americans, premenopausal women,
and those with the BRCA1 mutations
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primary treatment method and recurrence rates
for women diagnosed with luminal A-like tumors
are low [22].

11.3.3 Luminal B-like

Luminal B-like cancer account for 10–20 % of
breast cancer [7]. Similar to luminal A-like breast
cancer, most luminal B tumors are ER+/PR+.
However, luminal B-like breast cancer usually has
highexpressionofKi-67and includes bothHER2+
and HER2−. For luminal B-like HER2− cancer,
Ki-67 is high and PR is negative or low, while
luminalB-likeHER+exhibit awide range ofKi-67
andPR levels. Treatment for luminalB-like tumors
incorporates estrogen therapy with chemotherapy
and anti-HER2, as these have a worse prognosis,
are more aggressive, and less endocrine sensitive.
Furthermore, luminal B-like HER2-breast cancer
has a high recurrence rate [22].

11.3.4 HER2+ Type (Nonluminal)
or Erb-B2
Overexpressing

HER2+ type of breast cancer is defined by ER−/
PR−/HER2+, where HER2 is over expressed and
ER and PR are absent. HER2+ type of breast
cancer accounts for approximately 10 % of all
breast cancers [7]. These cancers tend to be more
aggressive and are associated with a poorer
short-term prognosis. Chemotherapy and more
recently anti-HER2 therapy are used in treat-
ment. The anti-HER2 targeted treatment regi-
mens have substantially improved prognosis
associated with this subtype [7].

11.3.5 Triple Negative/Basal-like

Triple negative breast cancer is defined by ER−/
PR−/HER2−, and represents a diverse group of
tumors. Basal-like cancers occur in about 10–
20 % of breast cancer, are more common in
African American women, premenopausal

women, and those with BRCA1 mutations, and
are associated with poorer short-term prognosis
[7]. In epidemiologic studies, triple negative
tumors can be further classified as basal-like if
they express either CK5/6 and/or EGFR. The
only standard treatment option available for triple
negative cancer is chemotherapy [22].

11.4 Breast Cancer Risk
Factors

11.4.1 Introduction

Epidemiological studies have convincingly
established a number of risk factors for breast
cancer. Many of these are reproductive factors
during the course of a woman’s life. A unifying
concept of these risk factors is that ovarian hor-
mones initiate breast development and that
monthly menstrual cycles induce regular breast
cell proliferation. Puberty is an important period
during breast development and is marked by a
surge of hormones that induce regular breast cell
proliferation. Pregnancy is also associated with
higher circulating hormone levels, and is associ-
ated with a transient short-term increased risk of
breast cancer. However, pregnancy and lactation
are also associated with terminal differentiation of
breast tissue and are associated with a reduced
risk of breast cancer long term. The monthly
pattern of cell division associated with regular
menstrual cycles terminates with menopause, as
indicated by cessation of ovulation and menstrual
periods. The integration of pathology data into
epidemiological studies of breast cancer has been
the key, as the etiology of breast cancer based on
molecular subtypes varies. The section below
summarizes established breast cancer risk factors,
as well as how these risk factors relate to specific
breast cancer subtypes. Table 11.2 provides a
summary of the established risk factors as well as
the strength of the association overall and by
ER/PR status [27–67]. Additionally, although the
data are more limited, we have also summarized
the current state of knowledge as it relates to risk
factors and intrinsic subtypes in Table 11.3.
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11.4.2 Age at Menarche

Later age at menarche has been consistently
associated with a lower risk of breast cancer [27].
Risk of cancer decreases by 5 % for every 1-year
delay in the start of menarche [28]. Brinton et al
[68] observed a 23 % lower breast cancer risk in
women who started menstruating after the age of
15 when compared to women who started men-
struation at 12 years or younger. More recent

results from the large pooling efforts of the
Collaborative Group on Hormonal Factors in
Breast Cancer [69] are consistent with previous
findings of a dose–response relationship between
age at menarche and risk of breast cancer.

Earliermenarchemay be associatedwith earlier
onset of regular ovulation menstrual cycles, which
leads to a greater lifetime exposure of endogenous
hormones [70]. The relation between age at
menarche and breast cancer may be modified by

Table 11.2 Summary of risk factors for breast cancer, strength of association, and association with hormone receptor
status

Comparisons Overall risk
ratio

Association by hormone
receptor (HR) status

Age at menarche 1 year delay 0.95 [28] Association evident for both
HR+ and HR−

Parity Nulliparous versus parous 1.2–1.7 [27] Association evident for HR+,
and maybe HR−

Breastfeeding Each year woman breastfeeds 0.93–0.96
[29]

Association evident for both
HR+ and HR−

Oral contraceptives Longer duration 1.24–1.54
[30–32]

Association evident for both
HR+ and HR−

Menopausal hormone
therapy

Longer duration (5+ years vs.
never)

1.30–1.47
[33–40]

Association evident only for
HR+

Early-life adiposity per 1-unit increase 0.88–0.91
[41]

Association evident for both
HR+ and HR-

BMI (only
premenopausal)

2 unit increment in BMI 0.9 [42] Association evident for both
HR+ and HR−

Weight gain since age 18 Gained 25 kg after age 18 versus
those that remained withing 2 kg
of weight since they were 18

2.0 [43] Association evident only for
HR+

Physical activity Recent total physical activity
(≥27 MET vs. <3 MET) and total
physical activity (active or
moderately active vs. not active)

0.81–0.92
[44, 45]

Association evident for both
HR+ and HR−

Family history Increasing number of affected
relatives (1, 2, or 3+ vs. no
family history)

1.5–3.90
[46–48]

Association evident for both
HR+ and HR-

Alcohol Increases with 1 drink per day 1.8–2.2 [49–
59]

Association evident only for
HR+

Age at menopause Increase in risk per increase in
year

1.03 [30] Association evident only for
HR+

Mammographic density >75 % vesus <5 % 4.64 [60] Association evident for both
HR+ and HR−

Circulating estrogen
(postmenopausal)

Increasing quartiles (all levels vs.
lowest)

1.2–2.4 [61–
64]

Association evident only for
HR+

Circulation androgens
(postmenopausal)

Increasing quintiles (highest
Q vs. lowest Q)

1.3–2.2 [61,
65–67]

Association evident only for
HR+
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menopausal status. A pooled analysis across
studies found that each additional year in delay of
menarche was associated with a stronger 9 %
decrease in premenopausal breast cancer com-
pared to a 4 % decrease in postmenopausal
women [71]. The relationship between age at
menarche and breast cancer also varies by
molecular subtype. Although earlier age at
menarche is inversely associated with both ER+/
PR+ and ER−/PR− breast cancers, the magnitude
of effect is greater for hormone receptor positive
cancers [72]. In a systematic review of 39 studies,
older age at menarche was consistently associated
with moderately decreased risk of triple negative
breast cancer [73]. These results were further
confirmed by a population-based study that found
that increases in age at menarche (per 2 years) are
inversely associated with risk of basal-like breast
cancer (Odds Ratio (OR) 0.8, 95 % Confidence
Interval (95 % CI) 0.7–0.9) [74]. Further sup-
porting these results, Millikan et al. [75] found that
earlier-onset menarche (age < 13 years old)
increased the risk of basal-like breast cancer (OR
1.4, 95 % CI 1.1–1.9). Older age at menarche
appears to also decrease risk for luminalA-like and
luminal B-like breast cancer [73]. There is no clear
relationship between age atmenarche and between
HER2+ breast cancer.

11.4.3 Parity and Age at First
Birth

Parity is often defined as the number of times a
women has had a full-term pregnancy or preg-
nancy lasting >20 weeks [76]. In general, nulli-
parous women have increased risk of breast cancer
compared with parous women [27]. However, the
strength of association depends on the age of a
woman’s first birth; a younger age at first term
pregnancy is associated with a lower lifetime risk
of breast cancer [27]. Research suggests that the
protective effect of pregnancy takes 10–15 years
to manifest [77]. In fact, there is a transient
increase in risk of breast cancer for the first ten
years after pregnancy [78, 79]. The dual effects of
pregnancy on breast cancer are attributed to the
proliferation of breast cells during pregnancy
which may lead to growth of mutated cells (in-
creasing risk) as well as the differentiation of
mature breast cellsmaking them less susceptible to
carcinogens (decreasing risk). A higher number of
births have also been consistently associated with
a reduced risk of breast cancer [80]. Some studies
also suggest that more closely spaced births are
more protective for breast cancer.

The relationship between parity varies by
breast cancer subtype. Greater parity is associated

Table 11.3 Summary of association between breast cancer risk factors by subtype and direction of association

Risk factors

Older
age at
menarche

Higher
parity

Breastfeeding Oral
contraceptives

Higher BMI in
premenopausal
women

Weight
gain
since
age 18

Family
History

Alcohol

Luminal
A-like

− − − − − + + +

Luminal
B-like

− ‡ − ‡ + * + + ‡

HER2+
type

‡ ‡ ‡ ‡ ‡ ‡ + +

Triple
Negative/
Basal-like

− + − + + ‡ + ‡

‡ Lack of evidence/no association
− Inverse association
+ Positive association
* Postmenopausal women only
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with a reduced risk for luminal A-like cancer [73],
while it may increase risk for triple
negative/basal-like cancer [75, 81–85]. There is
no clear relationship between parity and HER2+
or luminal B-like breast cancer [73]. Younger age
at first birth was also associated with decreased
risk of luminal A-like and luminal B-like cancer,
with stronger protective effect for luminal-A
cancer in women with greater parity [83–85].

11.4.4 Breastfeeding

Longer breast feeding duration (≥6 months) has
consistently been associated with a reduced risk
of breast cancer. There is also strong evidence
that the relationship is dose-dependent and is
independent of parity. In a pooled analysis of 47
studies from 30 countries (N = 50,302 cases and
N = 96,973 controls), the relative risk of breast
cancer is reduced by 4.3 % (95 % CI 2.9–5.8 %)
for each year that a women breastfeeds and by
7.0 % (95 % CI 5.0–9.0 %) for each birth [29].
After adjusting for parity, the relative risk for ever
versus never having breastfed was 0.96
(p = 0.04) [29]. The two main mechanisms by
which lactation may reduce risk of breast cancer
are: (1) delaying regular ovulatory cycles, and
(2) further terminal differentiation of breast tissue.

Longer breastfeeding duration is protective for
luminal A-like, luminal B-like, and triple negative
(or basal-like) breast cancer [75], with inconclu-
sive results for HER2+ type [73]. Additionally,
lactation may mitigate the increased risk of ER−/
PR− breast cancer subtypes associated with parity
[86]. The relationship between breast feeding and
basal-like tumors is one of the most consistent
protective factors for basal-like tumors and rep-
resents an opportunity for preventing this
aggressive breast cancer subtype.

11.4.5 Oral Contraceptives

The hypothesis that oral contraceptive use
increases the risk of breast cancer was first pro-
posed several decades, and more than 50 studies
to date have investigated the association.

Most epidemiological studies find no signifi-
cant increase in breast cancer risk associated with
ever use or duration of use and risk of breast
cancer [30]. However, current and recent users of
oral contraceptives have a small increased risk of
breast cancer compared with never users (Rela-
tive Risk (RR) 1.2, 95 % CI 1.2–1.3) [30], and
the increased risk appears to be no longer evident
within 10 years after stopping use of oral con-
traceptives. Longer durations of use in young
women <35 years old appear to increase breast
cancer risk [31, 32], however it is unclear if this
relationship is confounded by the recency of use.
Additionally, age at first use of oral contracep-
tives may play a role in breast cancer risk [30].

It is important to note that majority of data in
epidemiologic studies contributing to the litera-
ture and large pooled analyses are based on early
formulations of oral contraceptives that had
higher doses of ethinyl estradiol and different
types of progestins than are currently available
[87, 88]. It is noteworthy that the patterns, dose,
and combination of use of oral contraceptives
have varied over time. Since the 1960s, age at
initiation of oral contraceptive has decreased,
duration of use has increased while the doses
have decreased. Most oral contraceptives contain
a combination of ethinyl estradiol and a pro-
gestin. In the 1960s, the ethinyl estradiol dose in
oral contraceptives was ≥100 mg. Today, the
ethinyl estradiol dose is around 20–30 mg [87,
88]. Additionally, the formulations have changed
over time with at least nine different progestins.
There is limited long-term data evaluating the
currently available formulations and breast can-
cer risk. Additionally, progestin-only contracep-
tives, long-acting contraceptives, and
implantable levonorgestrel (Norplant) have not
been thoroughly investigated and more research
is needed, as these are continuing to grow in
popularity.

Relatively few studies have evaluated the
association between oral contraceptives and
breast cancer subtype. There is some evidence
that oral contraceptives may be more strongly
associated with risk of triple negative cancers
than luminal A-like cancers [73, 84, 89]. In a
recent systematic review [73], there was
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insufficient data on HER2+ and Luminal B-like
cancers to understand their relationship with oral
contractive use.

11.4.6 Menopausal Hormone
Therapy

Menopausal hormone therapies containing
estrogens have been used for over half a century,
and over three dozen epidemiological studies, six
meta-analyses, and one larger pooled analysis
published over the past 30 years that investigate
associations with breast cancer risk. Most studies
have found that menopausal hormone therapy
use increases breast cancer risk; however, the
magnitude of risk depends on the formulations
used and duration of use [33–39]. Meta-analyses
have reported a 30–45 % increased risk of breast
cancer with greater than five years of use com-
pared with never use [33–38]. A large, prospec-
tive analysis in the Nurses’ Health Study [40]
found that the increased risk of breast cancer was
limited to women with current or recent use of
menopausal hormone therapy. Risk increased
with longer duration of current use (RRCurrent 5+

years versus never users 1.5, 95 % CI 1.2–1.8). In a
large, pooled analysis of epidemiological studies,
the association between current use of meno-
pausal hormone therapy and risk of breast cancer
was also strongest for those with the longest
duration of use; RR for <1 years was 1.1, 1–
4 years was 1.1, 1.2 for 5–9 years, 1.1 for 10–
14 years, and 1.6 for 15+ years [39].

A woman’s body weight may play a role in
the association of menopausal hormone therapy
and breast cancer risk. The magnitude of asso-
ciation between menopausal hormone use and
risk of breast cancer appears to be higher among
women who are leaner compared with heavier
women [39]. This different effect of hormone
therapy by BMI is consistent over many studies
including the Women’s Health Initiative, a ran-
domized control trial [90]. Further, for women
who quit using menopausal hormones, the
increased risk of breast cancer decreases and is
similar to never users after quitting for 5 or more
years, regardless of their duration of use [39].

Estrogen only and estrogen plus progestin
(E&P) menopausal hormone therapies are both
associatedwith increased risk inbreast cancer,with
a slightly higher risk seen in women who use E&P
compared to estrogen only. Increases in breast
cancer risk were seen in the Breast Cancer Detec-
tion and Demonstration Project [91] with recent
use of estrogenonly (RR1.2, 95 %CI1.0–1.4) and
E&P (RR 1.4, 95 % CI 1.1–1.8). Similarly, the
Million Women’s Study [92] observed increased
breast cancer risk for current users of preparations
containing estrogens only (RR 1.3, 95 % CI 1.2–
1.4), and a higher risk for E&P (RR 2.0, 95 % CI
1.9–2.1). However, results from the Million
Women’s Study suggested little differences in the
associations between specific estrogens and pro-
gestins, doses or regimen types (e.g., sequential vs.
continuous) [92]. Menopausal hormone therapy
use appears to be associated with an increased risk
of ER+ breast cancers, but not ER-cancers [93].
Given the large body of consistent evidence, the
International Agency for Research on Cancer
(IARC) has classified estrogen plus progestin
therapy as a human carcinogen [94].

A number of studies in the U.S. and globally
have reported declines in breast cancer incidence
rates after 2002 [8, 95–99], the year that the
Women’s Health Initiative trial published their
results on the positive association between E&P
therapyand increasedbreast cancer risk [100, 101].
Following this publication, the prescribing pattern
for menopausal hormone therapy dramatically
declined in the U.S. Although based on ecologic
data, the relatively rapid declines in breast cancer
incidence, specifically hormone receptor positive
cancers,mirroreddeclines inmenopausal hormone
therapy prescriptions suggesting that the decline in
incidence is attributable to reduced exposures to
combined hormone therapies [8, 99, 102].

11.4.7 Body Size Throughout the Life
Course

11.4.7.1 Introduction
The relationship between adiposity and breast
cancer risk varies over the life course. In general,
there is consistent evidence that adult
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premenopausal BMI is inversely related to risk of
premenopausal breast cancer, while post-
menopausal BMI is positively associated with
postmenopausal breast cancer risk. More recent
studies have provided consistent evidence that
adiposity early in life (e.g., childhood and ado-
lescence) is inversely associated with breast
cancer risk. Interestingly, this protective effect of
early-life body size is associated with both pre-
menopausal and postmenopausal breast cancer.
Below we discuss early-life body adiposity pre-
menopausal BMI, postmenopausal BMI, and
weight gain in relation to breast cancer risk.

11.4.7.2 Early-Life Body Size
There is consistent evidence that body fatness
during childhood and adolescence is associated
with a reduced risk of breast cancer, with the
effect lasting throughout lifetime [43, 103]. In the
Nurses’ Health Study II cohort [104], women
who were heavier at ages 5 and 10 had half the
risk of premenopausal breast cancer compared to
those who were leanest at these ages [41]. Sim-
ilarly, there is an inverse association between
BMI at age 18 (or 20) and breast cancer observed
in a number of other countries and racial/ethnic
groups [105–109]. Additionally, the strong
inverse association is observed for both ER+ and
ER− breast cancers [41, 106]. Few studies have
investigated early-life body size and breast can-
cer based on molecular subtype. Results from the
Carolina Breast Cancer Study show that women
who reported being heavier than their peers in
5th grade had a nonsignificant reduced risk of
basal-like breast cancer (OR 0.5, 95 % CI 0.2–
1.4) [75]. The mechanisms by which adiposity
early in life may reduce breast cancer risk are not
well understood. A few potential mechanisms
have been suggested including that girls who are
overweight may have slower sexual maturation,
slower pubertal growth [110], and more anovu-
latory cycles [111].

11.4.7.3 Premenopausal
and Postmenopausal
BMI

Prospective studies [43, 112] and meta-analyses
[42] have found an inverse relationship between

adult body weight and incidence of pre-
menopausal breast cancer. In a recent meta-
analysis [42], the relative risk was 0.94 (95 % CI
0.92–0.95) for a two unit (kg/m2) increase in
BMI in premenopausal women. One hypothesis
is that heavier premenopausal women have more
irregular menstrual cycles and increased rates of
anovulatory infertility, thus decreasing risk due
to fewer ovulatory cycles and less exposure to
ovarian hormones [113].

Although there is an inverse association
between BMI and premenopausal breast cancer,
there is only a weakly positive relationship or no
association observed in postmenopausal women
[112, 114, 115]. The lack of a strong association
appears to be due to the influence of the protective
effects of early pregnancy and lasting protective
effects of overweight early in life [43, 103].

11.4.7.4 Weight Gain
Weight gain in adulthood has been positively
associated with increasing breast cancer risk in
postmenopausal women. After menopause, the
main source of circulating estrogens is the adipose
tissue.Therefore, ahigher body fatpercentage after
menopause translates to a higher woman’s expo-
sure to estrogen. After menopause, obese women
have both higher levels of endogenous estrogen
and higher risk of breast cancer. An increased
breast cancer risk is also seen in individuals who
gain 25 kg after age 18; women who gained 25 kg
had two times the risk of breast cancer compared to
womenwhomaintained theirweightwithin twokg
[43]. Weight gain since age 18 has consistently
been associated with ER+ breast cancer subtypes
(luminal A and luminal B-like) [73]. Although the
data are more limited, there is a suggestion that
weight gain since age 18 may also be associated
with basal-like cancer [75].

11.4.8 Physical Activity

Epidemiological evidence suggests a possible
relationship between physical activity and breast
cancer risk, specifically in postmenopausal
women.Results fromoneof thefirst pooled studies
[116] (two case-control studies) on physical
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activity and breast cancer observed a significant
inverse association between total physical activity
andbreast cancer risk (OR0.9, 95 %CI0.8–1.0) as
well as specifically leisure time activity (OR 0.8,
95 %CI0.7–0.9) for the highest quintile versus the
lowest quintile [116]. Most recent studies from
large, prospective studies also observe inverse
associations forpostmenopausalbreast cancer.The
European Prospective Investigation into Cancer
(EPIC) cohort observed inverse associations with
household and recreational physical activity [44].
Total physical activity was also associated with a
decreased risk of breast cancer (Hazard ratio
(HR)active vs. inactive 0.87, 95 % CI 0.79–0.97;
HRmoderately active vs. inactive 0.92, 95 % CI 0.86–
0.99) [44]. Additionally, there was a suggestion
that the inverse association was strongest for ER+/
PR+ tumors. In the Nurses’ Health Study [45],
postmenopausal women who engaged in higher
amounts of recent total physical activity also had a
lower breast cancer risk (HR 0.9, 95 %CI 0.8–0.9;
≥27 MET [approximately 1 h/day of brisk walk-
ing] versus <3 MET (<1 h/week walking). In this
study, there was no evidence that the association
varied by hormone receptor status.

The modest inverse association between phys-
ical activity and breast cancer appears to be limited
to hormone receptor positive cancers in most but
not all studies. In the pooled case-control study
described above [116], leisure time activity since
age 50 was inversely associated with ER+/ PR+
cancers but not other subtypes. Recent results from
EPIC [44] also observed the strongest association
between recreational and household activity and
ER+/PR+ tumors (HR 0.84, 95 % CI 0.74–0.96,
active vs. inactive) and total physical activity (HR
0.88, 95 % CI 0.78–0.99, moderate active vs.
inactive), in line with results from the NIH-AARP
Diet and Health Study [117]. Total weekly energy
expenditure from recreational physical activity
(modest-low intensity) was inversely associated
with ER+ breast cancer.

11.4.9 Family History

Family history is a well-established and strong
risk factor for breast cancer. Results from the

Nurses’ Health Study [46] suggest that the
age-adjusted risk ratio was 1.8 (95 % CI 1.5–2.0)
for women with a maternal history of breast
cancer versus women who did not have a family
history of breast cancer. The strength of the
association with family history is stronger for
women whose mothers were diagnosed with
breast cancer at younger ages. For example,
women whose mothers were diagnosed before
the age of 40 had a more than twofold greater
risk (RR 2.1, 95 % CI 1.6–2.8). In contrast, for
women whose mothers were diagnosed at age
70 years or older, the RR was 1.5 (95 % CI 1.1–
2.2) [46]. In a pooled study by Pharoah et al.
[47], the relative risk estimates compared to
women with no family history were: for any
relative (RR 1.9, 95 % CI 1.7–2.0), first degree
relative (RR 2.1, 95 % CI 2.0–2.2), mother (RR
2.0, 95 % CI 1.8–2.1), sister (RR 2.3, 95 % CI
2.1–2.4), daughter (RR 1.8, 95 % CI 1.6–2.0),
mother and sister (RR 3.6, 95 % CI 2.5–5.0), and
second-degree relative(RR 1.5, 95 % CI 1.4–
1.6). The Collaborative Group on Hormonal
Factors in Breast Cancer [48] found that the risk
ratio increased with increasing number of affec-
ted relatives, with RR for one, two, and three or
more affected relatives of 1.8 (99 % CI 1.7–1.9),
2.9 (99 % CI 2.4–3.6), and 3.9 (99 % CI 2.0–
7.5), respectively [48]. Results from a systematic
review observed that a positive family history
was associated with a 1.5- to two-fold increased
risk of breast cancer for all subtypes compared
with women without a family history of breast
cancer [73].

Genetic epidemiology studies have sought to
uncover the extent to which inherited genetic
factors underlie the strong family history. The
proportion of breast cancer estimated to be due to
rare highly penetrant genetic mutations such as
BRCA1 and BRCA2 is small, approximately 3
[118]–10 % [119]. Hereditary syndromes such as
Li-Fraumeni syndrome and Cowden syndrome
are associated with increased risk of breast can-
cer. Li-Fraumeni syndrome is due to germline
mutations in the p53 gene [120], while Cowden
syndrome is due to germline mutations of the
PTEN gene [121]. The cumulative lifetime risk
of breast cancer in BRCA1 and BRCA2 carriers is
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estimated to range from 50 to 85 % [119]. These
highly penetrant genetic mutations are rare in the
population and account for less than 25 % of
familial breast cancer risk [122, 123].

There are also rare moderate penetrance
mutations in genes such as CHEK2, ATM, and
PALB2 that also increase breast cancer risk
[123]. These moderate penetrance gene muta-
tions are associated with an approximately two-
fold increased risk of breast cancer and only
explain 2–3 % of familial cases [124]. Most
recently, efforts have been focused on identifying
low-penetrance common genetic variants asso-
ciated with breast cancer. To date, more than 90
single nucleotide polymorphisms (SNPs) have
been identified through genome-wide association
studies [125–128]. Together, these SNPs are
estimated to account for 16 % of the familial risk
of breast cancer [128].

11.4.10 Alcohol

In a pooled analysis of epidemiological studies,
the risk of breast cancer increased monotonically
with increasing intake of alcohol [49]. A 10 g per
day (approximately 1 drink/day) increase in
alcohol increased breast cancer by 9 %. There
was also a modest effect observed for just one
alcoholic drink per day, with a 7 % increased risk
compared to never drinkers [49–51]. There does
not appear to be any difference in the association
by type of alcohol consumed, with similar effects
on breast cancer risk associated with beer, wine,
and liquor [51–53]. The positive association
between alcohol consumption and breast cancer
risk is possibly due to influences on circulating
hormone levels. In short-term feeding studies,
alcohol has been associated with increased total
and bioavailable estrogen in premenopausal
women [54], increased elevated plasma levels of
estrone [55], and increased plasma estradiol
levels in postmenopausal women [56].

Both recent adult alcohol consumption and
consumption early in life appear to influence risk
of breast cancer [57]. Women who drank regu-
larly before age 30 and later stopped had an
elevated risk of breast cancer similar to those

who kept drinking [58]. The Nurses’ Health
Study [59] reported that alcohol consumption
between 18–40 years of age and recent alcohol
consumption after age 40 were both indepen-
dently associated with an increased risk of breast
cancer.

Further supporting this finding, Liu et al.
[129] observed that cumulative drinking before
first pregnancy was strongly associated with risk
of ER+/PR+ breast tumors (RR = 1.8 per 10 g
per day; 95 % CI = 1.03–1.34). Moreover,
alcohol consumption has been positively associ-
ated with both HER2+ and luminal A-like breast
cancer [82]. Together, there is compelling evi-
dence for a causal relationship between alcohol
consumption and breast cancer risk. However,
the public health implications of this are complex
given that low to moderate alcohol consumption
is beneficial against cardiovascular disease risk
for both women and men [130]. However, lim-
iting alcohol consumption is one of the most
modifiable risk factors to reduce risk of breast
cancer.

11.4.11 Age at Menopause

Initial studies of age at menopause and breast
cancer risk were based on women who had
undergone bilateral oophorectomy at a young
age [131, 132]. Results from these early stud-
ies suggested that women with a bilateral
oophorectomy before age 45 years have approxi-
mately half the risk of breast cancer compared to
women who underwent natural menopause at age
55 years or older [131, 132]. Among women
experiencing natural menopause, for each year
delay in age at menopause breast cancer risk
increased by 3 % [30]. Earlier age at menopause
causes a reduction in endogenous hormone levels
with the termination of the menstrual cycle as
well as the number of breast cell divisions. There
is some evidence that age at menopause has
different associations with different breast
cancer subtypes. Four studies [74, 82, 85, 133]
observed an increased risk between older age at
menopause and luminal A-like cancer. Interest-
ingly, a similar positive relationship has
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also been observed for triple negative cancers,
although more research is needed. No obvious
pattern has been documented for age at meno-
pause and luminal B-like or HER2 positive
breast cancer [73].

11.4.12 Mammographic Density

Mammographic density can be defined as per-
centage of breast area on a mammogram com-
posed of dense breast tissue [60]. Radiologically
dense tissue can comprise connective and
epithelial tissue and appears light on mammo-
gram, while fat is radiologically lucent and
appears dark on mammogram. Mammographic
density is one of the strongest risk factors for
breast cancer; only age and BRCA carrier status
are associated with larger relative risks for breast
cancer. A meta-analysis by McCormack and dos
Santos Silva [60] found a strong dose–response
relationship between percent mammographic
density and risk of breast cancer. Relative to
women with <5 % mammographic density,
women with ≥75 % mammographic density had
a 4.6-fold (95 % CI 3.6–5.9) increased risk of
breast cancer. Importantly, dense tissue can mask
tumors on a mammogram [134–136]. Although
bias due to masking does exist, it cannot explain
the strong effects of breast density on breast
cancer risk, as noted by the associations evident
even 10 years after a mammogram [137–139].

The mechanism by which mammographic
density increases breast cancer risk is unclear,
although a number of hypotheses have been put
forward. The primary mechanisms suggested are
that mammographic density reflects: the number
of mammary stem cells ‘at risk’ of developing
breast cancer [140, 141]; the combined effects of
cell proliferation and genetic damage to prolif-
erating cells by mutagens [142]; and local
estrogen production in the breast [143].

Importantly, mammographic density has been
strongly associated with all breast cancer sub-
types. Although the magnitude of this association
may vary by subtype [144, 145] Bertrand et al.
[144] observed a positive association between
mammographic density and both ER+ and ER−

breast cancer, however the association was
stronger for ER− (OR51 % vs. 11–25 % =2.8, 95 %
CI 1.8–4.4) cancers than ER+ disease (OR51 % vs.

11–25 % 2.0, 95% CI 1. 6–2. 5) in women younger
than 55.

11.4.13 Circulating Hormones

11.4.13.1 Postmenopausal Hormone
Levels

Estrogens, progesterone, and prolactin all pro-
mote mammary tumors in animal models. In
clinical practice, antiestrogens are used to treat
breast cancer and as chemoprevention in
high-risk women. Estradiol circulates in the
blood either unbound (“free estradiol”) or bound
to sex hormone binding globulin (SHBG). Free
estradiol is believed to be readily available in
breast tissue, and therefore may be more strongly
related to breast cancer than total estradiol. In
postmenopausal women, estrone is the major
source of most circulating estradiol, while
estrone sulfate is the most abundant circulating
estrogen [146]. Results from a pooled analysis on
663 breast cancer cases and 1765 healthy con-
trols suggest that increasing prediagnostic levels
of postmenopausal estrogen are associated with
increased risk of breast cancer [61]. The relative
risk of breast cancer comparing extreme quintiles
of estradiol was 2.0 (95 % CI 1.5–2.7). Circu-
lating estrone, estrone sulfate, and free estradiol
were similarly related to an increased risk.

Androgens have been hypothesized to increase
breast cancer risk either directly, by increasing the
growth and proliferation of breast cancer cells, or
indirectly, by their conversion to estrogen [70]. In
the pooled analysis described above [61], circu-
lating androgens were positively associated with
breast cancer risk with a relative risk for extreme
quintiles of 2.2 (95 % CI 1.6–3.1).

As expected, the association between post-
menopausal circulating estrogens and breast
cancer are limited to hormone receptor positive
cancers [147]. The relative risk of estradiol,
highest versus lowest category, was 3.3 (95 % CI
2.0–5.4) for ER+/PR+ tumors and 1.0 (95 % CI
0.4–2.4) for ER−/PR− tumors. Similarly,
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the association between postmenopausal andro-
gens and breast cancer risk also appears to be
limited to hormone receptor positive cancers
[65–67].

11.4.13.2 Premenopausal Hormone
Levels

Data on premenopausal estrogen levels and
breast cancer risk are limited due to the com-
plexities of biospecimen sampling during the
menstrual cycle. Results from studies on pre-
menopausal estrogen are varied [62, 148, 149].
A case-control study nested within the EPIC
cohort [148] found no association between pre-
menopausal estradiol or estrone levels and breast
cancer risk. In the most recent analysis in the
Nurses’ Health Study II, Fortner et al. [149],
found no association between follicular levels of
estradiol, estrone, and free estradiol and risk of
total or invasive breast cancer. However, luteal
estradiol levels were positively associated with
ER+/ PR+ cancer (OR 1.7, 95 % CI 1.0–2.9).
The Endogenous Hormones and Breast Cancer
Collaborative Group [150] conducted a pooled
analysis to evaluate premenopausal hormone
levels and breast cancer risk in 767 breast cancer
cases and 1699 controls. Premenopausal estra-
diol, free estradiol, estrone, androstenedione,
DHEAS, and testosterone were all positively
associated with breast cancer risk, with ORs in
the highest quintile relative to the lowest equal to
1.4 (95 % CI 1.0–2.0), 1.2 (95 % CI 0.9–1.6),
1.5 (95 % CI 1.0–2.2), 1.7 (95 % CI 1.2–2.4),
1.5 (95 % CI 1.1–2.0), and 1.3 (95 % CI 1.0–
1.8), respectively.

11.5 Possible Breast Cancer Risk
Factors

11.5.1 Introduction

A number of proposed risk factors are currently
under investigation. The majority of risk factors
described above are associated with hormone
receptor positive breast cancers, which make up
the majority of breast cancers. It is plausible that
other risk factors that operate independent of sex

hormones may also influence breast cancer risk.
If these associations are limited to or are stronger
for hormone receptor negative breast cancer
subtypes, early studies that did not evaluate
subtype may have missed an association or have
been underpowered to evaluate hormone receptor
negative subtypes.

Recent literature has focused on identifying
modifiable risk factors to decrease breast cancer
risk, as modifying behavior would be the easiest
and most effective way for a person to decrease
their risk of breast cancer. Below, we summarize
the literature for two modifiable risk factors for
which there are accumulating data.

11.5.2 Tobacco

The relationship between cigarette smoking and
breast cancer risk has been evaluated in many
studies, however the data have been quite
inconsistent. Initial reports, overall, did not sup-
port any important association [151, 152].
However, more recent studies suggest that there
may be an association particularly among women
with early exposure prior to first pregnancy, long
durations of smoking and among women with
specific genetic mutations.

Large cohort studies have reported increased
risks for breast cancer among women with the
longest durations of smoking; those with signif-
icant findings had RRs ranging from 1.2 to 1.5
comparing long-term smokers with never smok-
ers [153–156]. A meta-analysis of 15 cohort
studies, found that current (HR 1.1, 95 % CI 1.1–
1.2) and former smoking (HR 1.1, 95 % CI 1.0–
1.2) were weakly associated with breast cancer
risk [157]. A stronger association (HR 1.2, 95 %
CI 1.1–1.3) was reported in women who initiated
smoking before first birth. The Canadian Expert
Panel on Tobacco Smoke and Breast Cancer Risk
(2009) [158] concluded that the relationship
between active smoking and breast cancer was
consistent with causality. They also considered
the association between second-hand smoke and
premenopausal breast cancer as consistent with
causality, however there was insufficient evi-
dence for postmenopausal breast cancer.
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11.5.3 Vegetables
and Carotenoids

Vegetables contain a number of micronutrients
including carotenoids, which are potent antioxi-
dants that may provide a defense against reactive
oxygen species which damage DNA and regulate
cell differentiation. Fruit and vegetable con-
sumption may decrease breast cancer risk, by
providing protection against oxidative stress
[159]. In early case-control studies, fruit and
vegetable [52] consumption was inversely asso-
ciated with breast cancer. However, in a more
recent pooled analysis of prospective studies
[160], there was no overall association between
fruit and vegetable consumption and breast can-
cer risk. However, there was a significant inverse
association between vegetable consumption and
ER− breast cancer (HR highest vs. lowest quintile of total

vegetable consumption 0.8, 95 % CI 0.7–0.9). Dietary
intake of fruits and vegetables may not be the best
measure of carotenoid intake. Blood levels may
better reflect the more biologically relevant
exposures of interest. A recent pooled analysis of
circulating carotenoids [161] found that total
carotenoids were associated with a significant
19 % reduced breast cancer risk. For many of the
carotenoids, the inverse association was stronger
for ER− cancer. For example, circulating β[beta]-
carotene had a 48 % reduced risk of ER− cancer
(RR highest versus lowest quintile 0.5, 95 % CI 0.4–
0.8); in contrast, only a 17 % reduced risk of ER+
breast cancer (RR 0.8, 95 % CI 0.7–1.0;
p-heterogeneity = 0.01). In sum, the data is sug-
gestive but not conclusive of a protective effect,
specifically for ER-negative breast cancer.

11.5.4 Vitamin D

Vitamin D is acquired through diet and sun
exposure. Vitamin D and its metabolites can
reduce cell proliferation, enhance apoptosis, and
inhibit tumor progression [162]. Higher dietary
intakes of vitamin D were associated with
reduced risk of breast cancer in the French E3N
cohort (HR 0.68, 95 % CI 0.54–0.85). Circulat-
ing levels of vitamin D are likely a more

integrated and better measure of vitamin D
exposure. A meta-analysis of nine prospective
studies found a nonlinear inverse association
between prediagnostic levels of
25-hydroxyvitamin D (25(OH)D) and breast
cancer among postmenopausal women [163]. In
contrast, no association was found among pre-
menopausal women. Because there is strong
mechanistic evidence and 25(OH)D levels can
easily be raised through supplementation, there
still remains a great deal of interest in resolving
the association between vitamin D and breast
cancer. A large, on-going, randomized control of
vitamin D supplementation may help to better
understand this association [164, 165].

11.6 Summary

In summary, there are anumber ofwell-established
risk factors for breast cancer. Many of these are
related to reproductive factors and circulating
hormones. As such, they are associated with hor-
mone receptor positive breast cancers. The under-
standing of hormones and breast cancer etiology
has been a cornerstone of breast cancer chemo-
prevention and treatment. Although many of the
risk factors are non-modifiable, there is evidence
around dietary factors and obesity that suggests
opportunities for breast cancer prevention. Future
work to identify risk factors and mechanisms for
less common subtypes of breast cancer such as
HER2 type and basal-likewill be important for risk
prediction and prevention.
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12Pathology and Molecular Pathology
of Breast Cancer

Caterina Marchiò, Felipe C. Geyer and Jorge S. Reis-Filho

12.1 Introduction

In this chapter, we begin by giving an overview of
embryology and development of the mammary
gland, together with a summary of the features of
breast anatomy, histology and physiology that are
germane to the understanding and recognition of
pathologic alterations. The distinct pathological
processes affecting the mammary gland, encom-
passing hyperplastic conditions to malignant
lesions, are presented. The molecular pathology
features are discussed in each section, reporting
the main findings of studies based on
high-throughput techniques that have reshaped
the way breast cancer pathology is currently
practiced and breast cancer research is conducted.
Rather than being a reference text for morphology,
this chapter aims to provide the readers with
combined information stemming from both mor-
phological features and molecular data.

12.2 Embryology
and Development
of the Mammary
Gland

Development of the mammary glands com-
mences from the milk lines that appear on the
ventral surface of the fetus at the 5th week of
gestation [1]. Milk lines, also known as mam-
mary ridges, represent thickenings of the epi-
dermis and extend from the axilla to the upper
medial region of the thigh [1]. In humans, most
of the milk lines disappear during fetal devel-
opment; persisting segments of the milk line may
give rise to ectopic mammary glandular tissue,
most commonly at the extreme ends of the
mammary ridge, i.e., in the axilla or vulva [1].

In the 15th week of gestation, the breast bud,
which is an epithelial stalk on the chest wall at
the site of mammary development, undergoes
mesenchymal condensation. Mammary gland
lobes are then formed by outgrowth of solid
epithelial cords into the mesenchyme [1]. At this
stage, differential expression of cytokeratins
(CK) 14, 18, and 19, and of actin in the ducts and
lobular buds characterizes the development of
fetal breast [2]. Between weeks 23 and 28 of
gestation, the basal cells differentiate toward
myoepithelial cells [3], which play an important
role in the branching morphogenesis of the
mammary gland through the synthesis of base-
ment membrane constituents such as laminin,
type IV collagen, and fibronectin, as well as
metalloproteinases and growth factors [4]. While
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the papillary layer of the fetal dermis encloses
these growing epithelial cords and develops into
the vascularized fibrous tissue surrounding indi-
vidual ducts and their branches of ducts which
form lobules [1], the less cellular, more collag-
enized stroma from the reticular dermis extends
into the breast to encompass lobes and their
subdivisions, forming the suspensory ligaments
of Cooper, which attach the breast parenchyma to
the skin [3].

Coincidentally, differentiation of the mes-
enchyme into fat within the collagenous stroma
occurs between weeks 20 and 32. In the last
2 months of gestation, canalization of the
epithelial cords takes place, followed by devel-
opment of branching lobuloalveolar glandular
structures. The mammary pit is a depression in
the epidermis where the lactiferous ducts con-
verge, that, near birth, forms the nipple by
evagination [1].

The development of the breast structure is
dependent on steroid hormones only after the
15th week, when it seems to be influenced lar-
gely by testosterone [1]. In the last weeks of
gestation, maternal and placental steroid hor-
mones and prolactin induce secretory activity in
the mammary gland, which is manifested after
birth by the secretion of colostrum and palpable
enlargement of the breast bud. Due to the dis-
appearance of maternal hormones from the
infant’s bloodstream, the gland shrinks during
the first trimester after birth and returns to an
inactive state (branching of lactiferous ducts
without progressive alveolar differentiation, lob-
ular structures may persist) [1].

At puberty, the onset of cyclical estrogen and
progesterone secretion reinitiates the normal
breast development. Estrogen stimulates epithe-
lial proliferation, causing the ducts to elongate
and to acquire a thickened epithelium [5], while
also orchestrating the differentiation of hormon-
ally responsive periductal stroma. Growth hor-
mone and glucocorticoids also contribute to
ductal growth, whereas insulin, progesterone,
and growth hormone are responsible for lobu-
loalveolar differentiation and growth during this
period. The lobules derive from solid masses of
cells that form at the ends of terminal ducts.

Although the greatest amount of breast glandular
differentiation occurs during puberty, this process
continues for at least a decade and is actually
enhanced by pregnancy [6]. In fact, full matura-
tion of the female mammary gland occurs only
during pregnancy: at this stage, the lobuloalve-
olar differentiation is completed due to hormonal
stimulus, enabling lactation.

In contrast, due to the lack of estrogen stim-
ulation, the male breast does not undergo lobu-
loalveolar differentiation and remains composed
predominantly of ducts, with no/little specialized
stroma.

12.3 Anatomy, Histology,
and Physiology
of the Mammary
Gland

12.3.1 Anatomy

The mammary gland is an even and symmetric
gland localized in the subcutaneous tissue of the
thorax over the pectoral muscle between the
second and the sixth rib in the vertical axis and
from the sternal edge to the mid-axillary line in
the horizontal axis [1, 7]. The peripheral ana-
tomic boundaries are ill defined except for the
deep surface where the gland overlies the pec-
toralis fascia. Given that this gland is a repository
for fat, the size may be highly variable among
individuals, depending on the body habitus (from
30 to >1000 g) [7].

Anatomically, the breast resides in a space
within the superficial fascia, which superiorly is
in continuity with the cervical fascia and inferi-
orly with the superficial abdominal fascia of
Cooper. It is important to note that microscopic
extensions of the mammary gland beyond these
boundaries can be present [1, 7]: clinically this
means that even total mastectomy does not result
in complete removal of all glandular breast tissue
[7]. Fibrous strands extend from the dermis into
the breast thus forming the suspensory ligament
of Cooper, which is responsible for attaching
the skin and nipple to the breast. The nipple
is centered (and elevated) in the so-called
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nipple/areolar complex situated on the skin
overlying the mammary gland. The nipple rep-
resents the site where major/principal ducts end
(the tip of the nipple contains 15–20 orifices) [7].
In a way akin to the microscopic extensions of
glandular tissue beyond the breast boundaries, it
should be noted that there is no definite
anatomical plan between the skin and the breast
and that terminal duct-lobular unit may be found
close/within the nipple/areolar complex; there-
fore, skin-sparing mastectomy may leave a
non-negligible amount of glandular tissue
underneath the skin.

The arterial supply of the breast is derived
from the internal mammary (60 % of blood
supply), lateral thoracic (30 %), and intercostal
arteries (minor contribution) [1, 7]. Venous
drainage is more variable but tends to mirror the
distribution of the arterial supply [1]. For lym-
phatic drainage, three dominant routes have been
identified. The most important is that of the
axilla, which drains >75 % of lymphatic flow
into the axillary nodes. Lymph nodes located in
the interpectoral fascia constitute Rotter’s nodes,
which sometimes are excised during interven-
tion. Drainage through the internal lymphatics
accounts for less than 25 % of the whole lym-
phatic flow. These vessels drain to the internal
thoracic mammary nodes located along the ster-
nal borders of the internal thoracic trunks.
Finally, the lymphatic vessels drain into the

supraclavicular and infraclavicular as well as to
intramammary nodes [1].

Operationally speaking, the breast can be
schematically subdivided into quadrants (Q),
conventionally numbered from 1 to 6, the
external ones being Q1 and Q3 (upper and lower,
respectively), and the internal Q2–Q4 (upper and
lower, respectively), the central region, i.e., that
of the retroareolar parenchyma, is Q5 and the
axillary extension is known as Q6.

12.3.2 Histology
and Physiology

Histologically, the mammary gland is defined as
a modified sweat gland composed of acini and
ducts within stromal tissue, which represents the
major portion of the nonlactating adult breast and
is composed of a variable amount of fibrous and
adipose tissue. The structure of the gland is like a
“flowering tree,” with major ducts budding in
smaller ductules up to the smallest structures
which are the ductules of the terminal
duct-lobular unit (TDLU) that end in acini, i.e.,
blind-ending tubules that compose the lobule
(Fig. 12.1). Ducts, ductules, and acini are tubular
structures with an empty lumen and a wall. The
wall is made up of a bilayered epithelium com-
posed of an inner epithelial layer of so-called
“luminal cells” (cuboidal or low columnar in

Fig. 12.1 Normal breast (a), and lactational changes (b)
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shape) and an external layer of myoepithelial
cells (see Table 12.1 for specific markers).
The TDLU is the functional unit of the mammary
gland and represents the site where most carci-
nomas take origin (both in situ and invasive).
Occasionally, the epithelial cells of the TDLU
display prominent clear cell changes in the
cytoplasm (so called “lamprocytes”), that may be
appreciated in both premenopausal and post-
menopausal women and seem unrelated to hor-
mone stimulation [8].

The stromal counterpart recognizes the inter-
vening stroma between lobules (interlobular
stroma) and the stroma within lobules (intralob-
ular stroma). The first is composed of highly
collagenized paucicellular fibroadipose tissue
that occasionally may be populated by multinu-
cleated giant cells of unknown significance (that
should not be mistaken for malignant or inflam-
matory cells); the latter is made of loose
fibrovascular stroma populated also by lympho-
cytes, plasma cells, macrophages, and mast cells
[7]. The intralobular stroma responds to hor-
monal changes and upon estradiol stimulation
becomes more edematous.

Hormones elicit their action also on epithelial
cells, where estrogen, progesterone, and andro-
gen promote differentiation and proliferation of
luminal cells and oxytocin is responsible for
contraction of myoepithelial cells.

Hormone receptors (estrogen and proges-
terone receptors, ER and PR, respectively) are
expressed in the normal breast but at low levels
(and lower in the ducts than in the lobules):
typically, single positive cells are scattered in the
epithelial population, never reaching 100 %.

In addition, there is heterogeneity of expression
among different lobules [7].

The gland produces milk and is active only
during pregnancy, when the full development of
the breast occurs in humans. In this period of the
adult life, epithelial cell proliferation resumes
under the influence of ER, PR, prolactin, and
growth hormones, leading to an increase in the
number of lobules at the expenses of both
intralobular and interlobular stroma [7]. In addi-
tion, the mammary gland undergoes secretory
changes featuring luminal cells acquiring a
foamy cytoplasm (they contain numerous lipid
vacuoles) and a characteristic hobnail appearance
with nuclei and prominent nucleoli. Secretions
accumulate in the expanded lobules (Fig. 12.1).

So-called “lactational changes” can also occur
outside of pregnancy and may be alarming due to
features of cytologic atypia; therefore, a differ-
ential diagnosis including atypical lesions and
carcinoma, in particular ductal carcinoma in situ
(DCIS) of clinging pattern, must be considered.
In the context of fine-needle aspirates, extreme
caution is needed to avoid false-positive results.

Over time, with the decrease of ER and PR
stimulation in the postmenopausal period, the gland
undergoes regressive changes with fibroadipose
involution.More specifically, there is atrophy of the
TDLUs (reduction in size and complexity of the
acini), loss of specialized intralobular stroma, and
ducts may become ectatic [7].

The nipple and the areola are lined by kera-
tinizing squamous epithelium with minimal
extension into the terminal portion of the lactif-
erous ducts. Clear cells can occasionally be
present in the epidermis of the nipple/areola

Table 12.1 Markers of
luminal epithelial cells and
myoepithelial cells in the
terminal ductular-lobular
unit (TDLU)

Luminal cells Myoepithelial cells

CK18 CK14

CK19 CK5/6

CK8 P63

CK7 Calponin

GFCD15 Caveolin

EMA D2-40

KIT Smooth muscle actin (SMA)
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complex. These are benign epithelial cells and
should not be confused with Paget’s disease.
Some are simply clear keratinocytes, others are
known as “Toker cells” [9].

12.4 Benign Epithelial
Proliferations

12.4.1 Adenosis

Adenosis is a lobulocentric proliferative lesion
largely derived from the TDLU that occurs most
often as part of a spectrum of proliferative
abnormalities commonly referred to as fibrocys-
tic changes [10]. Both epithelial and myoep-
ithelial cells participate in adenosis [10]. When
by itself it may either be isolated to single lobules
and represent a microscopic lesion that comes to
attention clinically only if it contains mammo-
graphically detected calcifications, or it can
rarely form a palpable or a radiographically
detectable mass. This is the case when a con-
fluence or fusion of the affected lobules creates
an “adenosis tumor” [11]. Presentation with a
mass is more frequently found when adenosis is
seen in fibrocystic disease [10].

Microscopically, adenosis tends to have a
more prominent glandular pattern in pre-
menopausal women, whereas sclerosis and
diminished gland formation are conspicuous after
menopause. The most cellular type of adenosis is
florid adenosis, characterized by hyperplasia of
epithelial and myoepithelial cells. Proliferation of
ductules and lobular glands severely distorts the
architecture of the underlying lobules. The
hyperplastic structures appear to elongate,
becoming tortuous and entwined in a fashion that
results in many more ductular cross sections than
are present in an anatomically normal lobule [10].

Epithelial cells lining the tubules and glands
of adenosis are most often flattened, cuboidal, or
slightly columnar, and are arranged in one or two
orderly layers surrounded by myoepithelial cells.
Mitoses are vanishingly rare, and are more
numerous during pregnancy. Apocrine meta-
plasia is uncommon in florid adenosis. Luminal
secretions may undergo calcification, but this is

less common and less extensive in florid than in
sclerosing adenosis [10].

12.4.1.1 Sclerosing Adenosis
In sclerosing adenosis there is preferential
preservation of myoepithelial cells with variable
atrophy of epithelial cells, accompanied by lob-
ular fibrosis. The swirling lobulocentric pattern
encountered in florid adenosis is retained, but
epithelial cells are less conspicuous, the ductular
structures and their lumens are largely attenuated,
and the myoepithelial cells predominate [10].
The identification of sclerosing adenosis is
important given that it may display an infiltrative
pattern in the stroma and fat especially when
sclerosing adenosis is not limited to a lobulo-
centric pattern [10]. The differentiation between
invasive carcinoma must be made and such a
scenario may be challenging especially in needle
core biopsy samples, which lack the orientation
provided by surrounding tissue of a surgical
biopsy [10]. Low-power microscopic assessment
reveals the remaining lobulocentric pattern and
immunohistochemistry (IHC), including cyto-
plasmic markers of smooth muscle differentiation
and the nuclear marker P63, both label myoep-
ithelial cells (Table 12.1). Microcalcifications are
more frequently formed in the sclerosing type of
adenosis and become progressively more
numerous with increasing sclerosis [10].

Several epidemiological studies have demon-
strated that a diagnosis of benign entities, such as
sclerosing adenosis, as well as fibrosis and cysts,
confers a low relative risk of development of
cancer [12–14]. These lesions, however, do not
display genetic aberrations in common with
those of true precursors and invasive breast
cancer [14, 15].

12.4.2 Usual Ductal Hyperplasia

Usual ductal hyperplasia (UDH) is an intraductal
proliferation of a mixed population of epithelial
cells, leading to the formation of secondary
lumens. The latter are often distributed at the
periphery of the ducts and associated with
streaming of the central proliferating cells [16,
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17], producing the so-called “slit-like” spaces.
This mixed population of cells displays features
of both luminal and myoepithelial differentiation,
with heterogeneous positivity for ER and PR,
and consistent expression of high molecular
weight cytokeratins, such as CK5/6. IHC for
hormone receptors and CK5/6 can indeed be very
helpful in the context of lesions with equivocal
morphological features (Fig. 12.2; Table 12.2) to
help differentiate UDH from atypical ductal
hyperplasia (ADH)/low-grade DCIS. Another
feature that helps in differentiating between these
two entities is the presence of intranuclear
pseudoinclusions, which are typically found in
florid UDH and are rare in ADH/low-grade DCIS
[18, 19].

The role of UDH in the evolution of breast
cancer has largely been debated [20, 21]. UDH
has been shown to be associated with a low risk
of breast cancer development and was initially
considered to be a nonobligate precursor of both
ADH and DCIS [22, 23].

Genetic data suggest that the majority of UDH
constitutes only a risk indicator rather than a true
breast cancer precursor [24]; however, loss of
heterozygosity (LOH) analyses of UDHs have
revealed that at least a subgroup of these lesions
are clonal and that the prevalence of LOH in
UDHs (4.5–13 %) is lower than that found in
ADH and DCIS [25]. Chromosomal comparative
genomic hybridization (CGH) studies have pro-
duced conflicting results on the presence of

numerical chromosomal aberrations in UDHs
[22, 23]. While some have demonstrated the
presence of unbalanced chromosomal aberrations
in UDHs [22, 23], others have failed to identify
recurrent genetic aberrations [26] or any aberra-
tion at all [27]. It should be noted, however, that
the studies demonstrating unbalanced chromo-
somal changes in UDHs employed whole gen-
ome amplification methods [22, 23], which have
been shown to introduce artifacts in CGH and
microarray-based CGH (aCGH) [28], or failed to
correct the results for some of the known artifacts
of CGH analysis performed with DNA extracted
from formalin-fixed paraffin-embedded (FFPE)
samples subjected to whole genome amplifica-
tion [14].

In a similar way to copy number analyses,
phosphatidylinositol-4,5-bisphosphate 3-kinase,
catalytic subunit alpha (PIK3CA) mutational
studies on UDH have provided conflicting
results. While, Li et al. [29] found no PIK3CA
mutations in 16 cases analyzed by Sanger
sequencing, Ang et al. [30] used a PCR-mass
spectroscopy-based technique and found
PIK3CA mutations in around 50 % of cases.
Interestingly, PIK3CA mutations in UDH tended
to be in exon 20 while in carcinomas the majority
of mutations were in exon 9. Additionally, in the
vast majority of cases, concurrent invasive car-
cinomas had discordant genotype, while con-
cordance was high for matched in situ and
invasive carcinomas. It is likely that differences

Fig. 12.2 Usual ductal hyperplasia (a H&E; b ER)
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from these two studies are related to the different
techniques and their distinct sensitivities. In
addition, due to the highly sensitive methodology
used by Ang et al., it is unclear whether PIK3CA
mutations found in UDH samples were clonal
(i.e., present in all/nearly all lesional cells) or
were present in only a small fraction of cells.

Taken together the available evidence suggests
that the vastmajority of UDHs lacks clonal genetic
changes; when these are present, they are usually
randomly distributed and do not affect regions
usually involved in invasive breast cancers.
Therefore, it is reasonable to conclude that the
majority of UDHs are risk indicators rather than
nonobligate precursors of breast cancer develop-
ment; however, a small minority may be associ-
ated with the development of breast cancer [14].

12.4.3 Sclerosing Lesions

12.4.3.1 Radial Scar, Complex
Sclerosing Lesion

A radial scar (RS) is defined as a benign lesion
with a typical stellate profile, which is micro-
scopically characterized by obliterated ducts and
pseudoinfiltrative tubules, immersed in an elas-
totic stroma (Fig. 12.3). These tubules are lined
by epithelial and myoepithelial cells, surrounded
by contracted ducts and lobules exhibiting a
variety of features including epithelial hyper-
plasia, duct ectasia, adenosis, papillomatosis, and
apocrine cysts (Fig. 12.3; Table 12.2) [31].

The term “complex sclerosing lesion”
(CSL) is applied to those lesions larger in size
and more complex in features. Most pathologists

Table 12.2 Utility of most commonly used IHC antibodies in breast pathology, other than evaluation of prognostic
and predictive factors for primary carcinomas

Marker Diagnostic scenario

High molecular weight
cytokeratins

Heterogeneous in UDH, negative in ADH/low-grade DCIS

ER Heterogeneous in UDH, homogeneous (≅100 %) in ADH/low-grade DCIS

P63 Suspicion for invasion: sclerosing lesions versus invasive carcinoma, microinvasion
in DCIS;
Diagnosis of myoepithelial lesions and spindle cell MBC

HER2 Microinvasion in (HER2+) high-grade DCIS

E-CAD IC-NST versus ILC and LCIS versus DCIS (mind possible aberrant E-CAD
expression in lobular lesions)

Fig. 12.3 Radial scar/complex sclerosing lesion (a, b H&E; c P63)
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diagnose “complex sclerosing lesion” in lesions
larger than 1 cm.

Contradictory results have been reported on
the role of RS/CSL in the development of breast
cancer, namely whether RSs/CSLs are risk indi-
cators of breast cancer development or if they
constitute true nonobligate precursors of DCIS
and invasive breast cancer [32–34]. Long-term
follow-up of women with RS/CSL indicates a
1.5–2 fold increase in subsequent breast cancer
risk [35–37], which persists after adjusting for
concurrent proliferative disease [38].

Some have observed clonal differences between
hyperplasic lesions and other areas within RSs. 16q
and 8p allelic imbalance were detected, as well as
different genetic losses. There is also some evi-
dence to suggest that RSs may be associated with
the development of breast cancer. Manfrin et al.
[39] reported on a high incidence (32 %) of carci-
nomas in a series of 117 asymptomatic patients
with mammography detected RSs. Given the
observation that RSs harbor 16q LOH, it is not
surprising that the majority of invasive breast
cancers developing in the context of RSs are of low
histologic grade [39], such as tubular and classical
lobular carcinomas. Nevertheless, a rare associa-
tion between RSs/CSLs and low-grade metaplastic
carcinomas has also been described [40, 41].
Overall, the presence of a coexisting carcinoma in
RSs/CSLs ranges from 3.6–32 % [39, 42, 43].

From a genetic standpoint, RSs/CSLs have
been shown to harbor PIK3CA-activating muta-
tions in 63.6 % [44], and these were more
prevalent when epithelial atypia was superim-
posed (56.3 % vs. 83.3 %) [44]. Interestingly,
activating mutations affecting PIK3CA, the sec-
ond most frequently mutated gene in breast
cancer [45], have also been documented in
papillomas [46], columnar cell lesions (CCLs)
[47], and UDH [30], and it has been hypothe-
sized that PIK3CA mutations may be more rele-
vant for proliferation than for malignant
transformation in breast epithelium [44].

In conclusion, despite some studies finding
molecular changes in RSs/CSLs, it is not clear
whether those lesions should be broadly catego-
rized as clonal neoplastic lesions and considered

true nonobligate precursors. It is possible that
those detected molecular changes reflect the
epithelial proliferations that may be or may not
be present, rather than the lesion as a whole.

“Infiltrating epitheliosis” (IE), is sometimes
perceived as synonym of RS and CSL, however,
some authors have suggested that these terms
should not be used interchangeably [48]. IE may
be associated with a higher risk of carcinoma,
and defined morphological criteria for this dif-
ferentiation have been published [48]. Histori-
cally, the term IE was first used by John
Azzopardi in 1979 [49].

The overall appearance of IE is more infiltra-
tive than usual sclerosing lesions, as the involved
ducts often have jagged or irregular edges and the
proliferating epithelium often appears to
“flow-out” into adjacent stroma [50]. As a matter
of fact, invasive carcinoma is often considered in
the differential diagnosis. In addition, florid
UDH-like epithelial proliferation is an integral
component of IE. As in UDH, IE displays a
heterogeneous epithelial phenotype (admixture of
CK5/6-positive basal/intermediate-type cells and
both ER-positive and ER-negative/C-KIT-
positive luminal-type cells) [50]. However, at a
variance to UDH and most sclerosing lesions,
myoepithelial cells, if not absent, are usually
immunophenotypically altered and not detected
by routinely used antibodies [50]. Despite these
distinctive histologic features, most pathologists
currently classify IE in the RS/CSL spectrum and
therefore its true incidence and association with
carcinoma are unknown [50].

A recent study has analyzed the mutational
repertoire of eight IE cases by targeted capture
massive parallel sequencing and consistently
found mutations in components of the PI3K
pathway: seven samples harbored PIK3CA hot-
spot mutations, while the remaining case dis-
played a PIK3R1 somatic mutation. Of note,
analysis of one case composed of IE, DCIS, and
low-grade adenosquamous carcinoma revealed
the three components were clonally related [50].
In conclusion, these data supports the notion that
IE is part of the RS/CSL spectrum, with a high
prevalence of PIK3CA mutations, but a subset of

180 C. Marchiò et al.



them may constitute the substrate for carcinoma
development.

12.4.4 Benign Tumors
of the Nipple

12.4.4.1 Nipple Adenoma
A nipple adenoma is defined as a compact pro-
liferation of small tubules showing both epithe-
lial and myoepithelial layers arising around the
collecting ducts of the nipple [16]. Epithelial
hyperplasia may be florid within the tubules or in
the collecting ducts. It should be noted that
necrosis of comedo-type may occasionally be
present in cases with florid UDH and should not
be interpreted as a sign of malignancy. Further-
more, a nipple adenoma may mimick an invasive
carcinoma as marked sclerosis may impart a
pseudoinfiltrative pattern.

Clinically, it usually presents with nipple
discharge and erosion of the nipple itself or with
an underlying nodule. An association with car-
cinoma is on record but it represents a rare event
[16]. Therefore, simple excision of those lesions,
and whenever possible, conservation of the nip-
ple, is the treatment of choice.

12.4.4.2 Syringomatous Adenoma
Syringomatous adenoma is a rare lesion, defined
as a nonmetastasizing, locally recurrent, and
locally invasive tumor of the nipple/areolar
region displaying sweat duct differentiation
[16]. Clinically it presents as a firm, discrete
mass that on gross observation shows ill-defined
margins. Microscopically, it is composed of nests
and branching cords of cells, glandular struc-
tures, and small keratinous cysts that permeate
the stroma of the nipple (bundles of the muscle
and perineural spaces) [16]. This infiltrative
pattern is coupled with bland cytology with
regular nuclei and rare mitoses. Frequently, the
glandular structures show an inner luminal layer
and an outer layer of basal cells occasionally
positive for smooth muscle actin.

The optimal treatment is excision with wide
free margins. Of note, extension of the tumor
can be appreciated also at a great distance

from the main mass. Recurrence has been
reported [16].

Syringomatous adenoma has to be differenti-
ated from tubular carcinoma (which rarely
involves the nipple) and low-grade adenosqua-
mous carcinoma (which occurs in the breast
parenchyma) [16]. The latter has a similar ten-
dency for local recurrence and minimal meta-
static potential, and may be morphologically
indistinguishable from syringomatous adenoma,
being therefore the anatomical site the main
determinant for differential diagnosis.

12.5 Breast Cancer
Precursors

The introduction of mammographic breast cancer
screening programs has dramatically increased
the detection of risk indicators, premalignant/
preinvasive lesions, thus posing important issues
related to patient management. A multitude of
proliferative hyperplastic and premalignant
alterations have been documented not uncom-
monly occurring synchronously with invasive
breast cancer.

Observational and correlative studies have
identified some of these lesions as risk indicators
or breast cancer precursors [51–55]. A risk indi-
cator can be defined as lesions that have been
reported to be associated with increased risk of
breast cancer development, whereas breast cancer
precursors are those preinvasive lesions with the
potential to progress to an overtly malignant
phenotype [14]. Typically, the latter group
includes risk indicators that have been shown to
be clonal, neoplastic proliferations and to have
histologic, IHC, and molecular features identical
to those of matched invasive breast cancers, either
synchronous or metachronous [14]. Based on the
observation that the chances of one of these pre-
cursors progressing to invasive breast cancer
rarely, if ever equates to 100 %, these lesions are
best named nonobligate precursors [14].

Observational and molecular studies have
recently demonstrated that a family of in situ
lesions of the breast coexist at frequencies that
could not be justified by chance alone [56, 57].
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This family encompasses CCLs, flat epithelial
atypia (FEA), ADH, atypical lobular hyperplasia
(ALH), lobular carcinoma in situ (LCIS) and
low-grade DCIS, and invasive lesions reported to
be found in association with these nonobligatory
precursors (i.e., invasive tubular carcinoma,
invasive cribriform carcinoma, classic invasive
lobular carcinoma, and low-grade invasive ductal
carcinoma) [14]. These lesions are characterized
by low histologic grade, expression of hormone
receptors, lack of HER2 expression or HER2
gene amplification, lack of high molecular weight
cytokeratin expression, and by the presence of
genetic aberrations usually found in low-grade
breast cancers (i.e., deletions of 16q and gains of
1q) [14]. In fact, frequent co-existence of tubular
carcinoma, lobular carcinoma in situ, and CLLs
(the so-called “Rosen triad” [58]) is on record
since late 1990s., the Nottingham group coined
the term “low-grade breast neoplasia family” to
refer to these lesions [56, 57, 59].

Although different stages of progression have
been identified for low-grade lesions, until
recently only high-grade DCIS was recognized
as a precursor of high-grade breast cancer [24,
60]. It has been demonstrated, however, that
microglandular adenosis, a lesion considered by
many only to be hyperplastic and an incidental
finding, is often associated with high-grade
breast cancer and harbors genomic aberrations
identical to those found in adjacent synchronous
invasive cancers [61–63].

Based on the observations above, we can
subdivide low-grade precursors from high-grade
precursors [14]. Low-grade precursors are almost
exclusively of luminal phenotype (ER-positive/
HER2-negative) and give rise to luminal invasive
breast cancers. By contrast, high-grade precur-
sors are more heterogeneous, including luminal,
HER2-positive, and triple negative (TN) lesions.
Microarray-based gene expression analyses have
confirmed that breast cancer evolution follows
two main pathways according to histologic
grade, as preinvasive and invasive lesions when
subjected to hierarchical clustering analysis
cluster together according to grade rather than
stage [64]. Nevertheless, it has been later docu-
mented that progression from low to high grade

is not an uncommon event within the luminal
subtype [65]. Therefore, given that ER defines
two fundamentally different large subgroups of
breast cancer, a modified hypothetical model of
breast cancer evolution has been proposed,
which follows two main pathways according to
ER pathway activation [14]. In this model, the
ER-positive branch includes all well-established
low-grade ER-positive preinvasive lesions and
their low-grade ER-positive invasive counter-
parts, which may progress to high-grade
ER-positive lesions. The ER-negative branch
includes ER-negative DCIS and microglandular
adenosis as preinvasive lesions, and invasive
carcinomas, which are mostly high-grade, fre-
quently HER2-positive and display high levels of
genetic instability. It should be mentioned that a
subset of low-grade ER- and HER2-negative
carcinomas do exist and display low levels of
genetic instability, such as adenoid cystic and
secretory carcinomas. Of note, these special
types of ER-negative carcinomas are often driven
by specific fusion genes.

12.5.1 Low-Grade ER-Positive
Precursors

12.5.1.1 Columnar Cell Lesions
CCLs of the breast encompass a spectrum of
lesions that feature distended acini lined by
tightly packed columnar epithelial cells with
apical snouts [66–68]. They can display varying
degrees of cytological and/or architectural atypia,
ranging from columnar cell change and hyper-
plasia to FEA and are frequently associated with
microcalcifications (Table 12.3), thus justifying
their increasing incidence as a result of mam-
mographic screening [67]. Importantly, their
behavior and significance are still poorly under-
stood [69, 70] and this impacts on therapeutic
decisions about interventions. Of note, complex
architectural atypia such as well-defined
micropapillae, rigid arches, and secondary
lumen formation cannot be present in FEA;
whenever these features are present, a diagnosis
of ADH or low-grade DCIS according to the size
of the lesion should be rendered.
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A striking feature of CCLs is the constant
expression of ER and PR and low Ki67 labeling
indices. They also lack expression of HER2 and
“basal” keratins [26, 66, 69, 70]. In accordance
with this homogeneous immunoprofile, molecu-
lar studies have provided evidence that the
majority of CCLs are clonal and neoplastic rather
than hyperplastic [24, 26, 69, 71, 72]. Interest-
ingly, the degree of genetic changes appears to
mirror the degree of architectural and cytological
atypia found in different types of CCLs [26, 71].
Allelic imbalances are most commonly located at
3p, 9q, 10q, 11q, 16q, 17p, and 17q [71, 72],
while recurrent copy number alterations include
losses of 16q and chromosome X and gains of
15q, 16p, 17q, and 19q [26]. These molecular
analyses, combined with morphological and IHC
observations have provided strong circumstantial
evidence to suggest that CCLs are part of the

above described “low-grade breast neoplasia
family” [56, 57], and they constitute the
first morphologically identifiable precursor of
low-grade ER-positive breast cancers [69].
Indeed, CCLs frequently coexist with ADH,
DCIS, and lobular neoplasia (LN) in the
same breast or even in the same TDLU [56, 73]
with whom they also share similar IHC pro-
files [57] and identical genomic aberrations
[26, 71, 72].

Although there is scientific evidence that
CCLs, in particular those with atypia (aka FEA),
are nonobligate precursors of breast cancer, their
rate of progression and their relative risk of
subsequent invasive cancer is still a matter of
debate. There is some evidence that the risk of
developing invasive cancer conferred by a diag-
nosis of FEA as the most advanced lesion in a
breast biopsy is low and perhaps comparable to

Table 12.3 Morphological details of columnar cell lesions

CCC CCC-a CCH CCH-a

Architecture TDLUs with variably dilated acini lined by one or
two layers of epithelial cells
Flocculent secretion and luminal calcifications may
be present

TDLUs with variably dilated acini with
stratification of with more than two cell layers.
Small mounds, tufts, or abortive
micropapillations may be formed. Abundant
flocculent secretion is frequent, as well as
luminal calcifications that may have the
configuration of psammoma bodies

Cytology 1. Columnar epithelial cells
with uniform, ovoid to
elongated nuclei oriented
in a regular fashion
perpendicular to the
basement membrane

2. Evenly dispersed
chromatin, no conspicuous
nucleoli

3. Mitotic figures rarely
encountered

1. Increase in the
nuclear/
cytoplasmic
ratio (akin to
that seen in
DCIS)

2. Nuclei may
show
stratification

3. Nuclear
chromatin may
be evenly
dispersed or
slightly
marginated

4. Nucleoli
variably
prominent

5. Mitotic figures
may be seen
but uncommon

1. Nuclei are ovoid to
elongated and for the
most part oriented
perpendicular to the
basement membrane

2. Some cells may have
hobnail appearance

Crowding or overlapping
of nuclei may give
appearance of nuclear
hyperplasia

1. Increase in the
nuclear/
cytoplasmic
ratio (akin to
that seen in
DCIS)

2. Nuclei may
show
stratification

3. Nuclear
chromatin may
be evenly
dispersed or
slightly
marginated

4. Nucleoli
variably
prominent

5. Mitotic figures
may be seen
but uncommon

Legend: a atypia; CCC columnar cell changes; CCH columnar cell hyperplasia
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that of UDH [74, 75]. Therefore, the best thera-
peutic option in this setting is yet to be demon-
strated. It is unknown if surgical excision and/or
hormonal prophylaxis should be offered. Ade-
quate radiological–pathological correlation plays
an important role in this setting, however, FEA
on its own should not be routinely interpreted in
the same way as ADH or LN [16].

12.5.1.2 Lobular Neoplasia
The initial classifications for preinvasive lesions
assumed that some breast cancers would arise
from the ducts and others would arise from the
lobules and therefore in situ proliferations were
named “ductal” carcinoma in situ and “lobular”
carcinoma in situ [14]. It is important to note that
the terms “ductal” and “lobular” carcinoma have
no specific implications with regard to the site of
origin within the mammary ductal-lobular sys-
tem. The seminal works of Wellings et al. [76,
77] have documented that the vast majority of
preinvasive lesions of the breast would arise in
the TDLUs. Despite this, which constituted the
beginning of the end of the histogenetic impli-
cations of the ductal and lobular terminology [14,
78], the terms ductal and lobular have been
perpetuated, as they do identify lesions with
distinct morphological and molecular features,
and, more importantly, different therapeutic
implications.

Lobular carcinoma in situ (LCIS) is composed
of a monomorphic population of generally small
and loosely discohesive cells that expand the
TDLUs with or without pagetoid involvement of
terminal ducts [79–81]. ALH was coined to refer
to a morphologically similar but less
well-developed lesion, i.e., a partial involvement
of acini by LN cells [82, 83]. Morphological
distinction of these lesions, however, is some-
what arbitrary and partly subjective [14]. In
1978, Haagensen et al. [80] retrospectively ana-
lyzed 211 examples of in situ lobular prolifera-
tions and introduced the term LN to encompass
both ALH and LCIS. The rationale for combin-
ing these lesions into a single category was based

on the observation that in that study the micro-
scopic distinction of ALH from LCIS based on
morphological parameters was not found to have
any value in predicting subsequent carcinoma
[80]. Importantly, the levels of genetic instability
found in ALH and LCIS appear to be similar and
both ALH and LCIS display similar patterns of
recurrent unbalanced chromosomal aberrations,
including losses of 16q, 16p, and 17p, and gains
of 6q [84]. In fact, the molecular data available to
date provide support for the LN concept and for
the notion that distinction between ALH and
LCIS is largely quantitative (i.e., extent of dis-
ease) rather than qualitative. A recent study [85],
however, demonstrated a surprisingly greater
amount of copy number alterations in ALH than
in LCIS. It is important to specify that even
though the term LN helps to avoid somewhat
arbitrary diagnostic decisions, there is strong
evidence to suggest that LCIS carries a higher
risk of breast cancer development than ALH (8–
10 vs. 4–5, respectively [86]).

In a way akin to other lesions of the
“low-grade breast neoplasia family,” LN is
characterized by ER and PR expression and is
typically HER2-negative [81, 87]. From a
genetic standpoint, LN harbors recurrent dele-
tions of 16q and gains of 1q [84, 85].

ALH and LCIS have been accepted as risk
indicators of breast cancer development, either in
the ipsi-or contralateral breast; however, the risk
is higher in the ipsilateral breast [88]. Con-
versely, their role as nonobligate precursors of
ILC has been a matter of contention [89, 90]. The
identification of CDH1 (E-cadherin gene) as the
target gene of 16q deletions in lobular carcino-
mas [51, 91, 92] was crucial in elucidating the
role of LN in breast cancer progression. Vos
et al. [93] demonstrated the presence of identical
CDH1 truncating mutations in matched LCIS
and adjacent ILCs, providing strong circum-
stantial evidence to suggest that at least some
LNs may evolve to ILCs [87]. This hypothesis is
further corroborated by the similarity between
LN and matched ILCs at the genetic level
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[94–96]. A transcriptomic analysis focused on
normal epithelium, LCIS, and ILC has recently
identified differentially expressed genes between
the three groups and identified 169 candidate
precursor genes, which likely play a role in LCIS
progression, including PIK3R1, GOLM1, and
GPR137B. Interestingly, these potential precur-
sor genes map significantly more frequently to 1q
and 16q, regions frequently targeted by gene
copy number alterations in LCIS and ILC [97].

Taken together, the clinical and molecular
evidence available suggests that ALH and LCIS
are clonal and neoplastic, and that these lesions
are both risk indicators and nonobligate precur-
sors of breast cancer. It should be noted, how-
ever, that as a group the proclivity of LN to
progress to invasive breast cancer is low. Con-
servative management of these lesions remains
the mainstay of treatment [98].

LCIS can be subclassified as classic and vari-
ants, of which themost important are the florid and
pleomorphic. Classic LCIS refers to the lesion
above described, and should not display marked
pleomorphism, comedonecrosis, or extreme dis-
tension of the involved TDLUs, and is best man-
aged as an indolent disease. The pleomorphic
variant of LCIS is defined by the presence of
marked nuclear pleomorphism and is described
below. More recently, a florid variant has been
cataloged, which is cytologically similar to classic
LCIS, but induces extreme distension of the
TDLUs, with frequent comedonecrosis. Obser-
vational analyses have stressed that florid LCIS is
often associated with invasive lobular carcinoma,
while molecular analyses have documented that
this lesion is molecularly as advanced as the
pleomorphic variant [99]. Therefore, it has been
suggested that florid LCIS should be treated more
aggressively and completely resected. It should be
noted, however, that histologic subtyping of LCIS
has not been fully integrated in the last World
Health Organization (WHO) classification of
breast tumors, in part due to its subjective nature
and the lack of prospective validation of its clin-
ical relevance.

12.5.1.3 Atypical Ductal
Hyperplasia (ADH)
and Low-Grade
DCIS

Low-grade DCIS is defined by a proliferation of
monomorphic cells with uniform-sized nuclei
and rare mitotic figures growing in arcades,
micropapillae, cribriform, or solid patterns
(Fig. 12.4; Table 12.4) [16]. Lesions classified as
ADH display some but not all morphological
features of low-grade DCIS. Similarly to the
distinction between ALH and LCIS, the distinc-
tion between low-grade DCIS and ADH is
mainly quantitative and somewhat subjective
[16]; however, the risk of invasive breast cancer
development reported for low-grade DCIS is
higher than that for ADH [14, 37, 52, 83, 100,
101]. Whenever asked, breast pathology experts
do acknowledge that they use both qualitative
and quantitative criteria for this distinction in
their practice. Despite being arbitrarily set,
quantitative criteria are important to avoid
overtreatment of minute lesions in the era of
mammographic screening.

ADH has long been recognized as both a risk
indicator and a nonobligate precursor of
low-grade DCIS and invasive breast cancer [52,
86]. In fact, the similarities between ADH and
low-grade DCIS are striking. Immunophenotyp-
ically, both lesions are consistently positive for
ER and PR, and lack HER2 overexpression and
gene amplification, and expression of high
molecular weight cytokeratins (Table 12.2), thus
are part of the “low-grade breast neoplasia fam-
ily” [52, 56, 57, 86]. Close similarities have also
been repeatedly reported at the genetic level and
these data have corroborated the idea that ADH
is neoplastic and a nonobligate precursor with an
unequivocal role in the development of
low-grade DCIS and invasive lesions [20, 102,
103]. ADH and low-grade DCIS harbor allelic
imbalances at similar frequencies [104, 105]. In
addition, the study of matched samples of ADH,
DCIS and invasive lesions identified concordant
allelic imbalances. Recurrent regions displaying
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LOH include loci on 1q, 16q, and 17p [20, 102,
103]. CGH studies have confirmed these obser-
vations and demonstrated that ADH and
low-grade DCIS are clonal, neoplastic, and have
similar number, type, and complexity of unbal-
anced chromosomal aberrations [22, 24, 106,

107]. Not surprisingly for lesions of low histo-
logic grade, ADH and low-grade DCIS are
characterized by recurrent losses of 16q and 17p
and gains of 1q. In conclusion, at the molecular
level, ADH and low-grade DCIS seem to be
nearly, if not completely, identical.

Fig. 12.4 DCIS (a, b low nuclear grade; c, d intermediate nuclear grade; e, f high nuclear grade)
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12.5.2 High-Grade Precursors

12.5.2.1 High-Grade DCIS
High-grade DCIS is composed of a population of
atypical cells displaying marked nuclear pleo-
morphism, arranged in multiple architectural
patterns, including solid, cribriform, and
micropapillary [16] (Fig. 12.4; Table 12.4).
Comedonecrosis is often present, but its detec-
tion does not necessarily equate to a diagnosis of
high-grade DCIS [16]. There is one particular
scenario, called Paget disease of the nipple, in
which malignant and mostly HER2-positive
glandular epithelial cells populate the squamous
epithelium of the nipple and this is almost always
associated with an underlying high-grade DCIS,
which typically involves more than one collect-
ing ducts and also more distant ducts deep in the
breast gland (Fig. 12.5). An associated infiltrat-
ing carcinoma can also be seen in up to 90 % of
cases [16].

High-grade DCIS is a paradigmatic lesion for
the concept of nonobligate precursor of invasive
breast cancer, given that it has a proclivity to

progress to invasive cancer but does not always
[14]. A diagnosis of high-grade DCIS is associ-
ated with a significantly higher risk of invasive
breast cancer development and with earlier
recurrences than low-grade DCIS [37, 52, 86,
108]. In fact, the risk of an ipsilateral breast
recurrence either in the form of DCIS or invasive
breast cancer after local excision alone of
high-grade DCIS is estimated at around 15 % at
5 years [108].

As mentioned above, the immunoprofile and
patterns of genetic aberrations of high-grade DCIS
are more heterogeneous than those observed in
low-grade DCIS [14]. Importantly, despite the
greater complexity of the pattern of genetic aber-
rations found in high-grade than in low-grade
DCIS, deletions of the whole of 16q are found in a
minority of the former suggesting that themajority
of high-grade DCIS arise either de novo or from a
precursor other than ADH⁄low-grade DCIS [14].
However, most likely, most ER-positive DCIS
may still display 16q whole arm loss and possibly
originate from low-grade lesions. In contrast,
ER-negative high-grade DCIS probably arise

Table 12.4 Morphological features for diagnosis of ductal carcinoma in situ (DCIS)

Low-grade DCIS DCIS of intermediate grade High-grade DCIS

Architecture Any
(very frequently cribriform
pattern; solid and/or
micropapillary pattern may also be
present)

Any
(solid, cribriform or
micropapillary pattern)

Any
(solid, cribriform or
micropapillary pattern)

Cytologic
features

Monotonous and uniform rounded
cell with round nuclei
Minimal increase in
nuclear-cytoplasmic ratio
Regular chromatin pattern,
inconspicuous nuclei

Mild to moderate
variability in size, shape
and placement
Cell polarization not well
developed as in low nuclear
grade
Nuclei with variably coarse
chromatin and variably
prominent nucleoli

Highly atypical cells
Markedly pleomorphic
nuclei, poorly polarized
with irregular contour
Coarse, clumped chromatin
with prominent nucleoli

Necrosis Uncommon but possible* May be present Frequently present*

Mitosis Absent or rare May be present Usually common*

Typical
pattern of
calcifications

Calcification of psammomatous
type common

Either similar to low grade
or amorphous calcifications
like in high grade

Amorphous calcification
often associated with
necrotic intraluminal debris

*Not obligate criterion for diagnosis or exclusion of diagnosis
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either de novo or from a precursor other than
ADH⁄ low-grade DCIS.

As a last remark, intratumor heterogeneity has
been definitely documented in DCIS [109, 110].
For instance, it is not uncommon to find different
nuclear grades in the same lesion [109], a fact
that has been associated with our poor ability to
predict clinical behavior of DCIS based on
morphological parameters [111, 112]. aCGH and

fluorescence in situ hybridization (FISH) analy-
ses of matched DCIS and invasive carcinomas
have also demonstrated the existence of sub-
clones in DCIS and that stromal invasion may
occur due to a clonal selection process [110].

12.5.2.2 Pleomorphic Lobular
Carcinoma In Situ

Pleomorphic lobular carcinoma in situ (PLCIS)
typically displays cytological and architectural
features of both classic LCIS and high-grade
DCIS [113–115]. The growth pattern exhibits
large, discohesive cells, often with finely granu-
lar apocrine cytoplasm and intracytoplasmic
vacuoles with marked nuclear atypia and pleo-
morphism. Foci of classic LN can be found in
association with PLCIS [113, 116–118]. PLCIS
is characterized by moderate proliferation index
and may show comedonecrosis [113–115]. These
lesions often show low levels of ER and PR
expression, lack of E-cadherin expression, and
occasionally display HER2 overexpression and
amplification [115–119]. Although traditionally
described in association with its invasive coun-
terpart (pleomorphic invasive lobular carcinoma,
ILC) [113, 114, 120], PLCIS can also be found
as an isolated lesion [115].

Molecular studies have demonstrated that
PLCIS and pleomorphic ILC harbor remarkably
similar genetic profiles, and that both have the
hallmark features of lobular carcinomas, namely
16q loss, 17p loss, 1q gain, and E-cadherin loss
of expression [117, 121]. Of note, PLCIS and
pleomorphic ILC display additional genetic
aberrations, including amplification of key
oncogenes, deletion of 8p and 13q, and gains of
8q. These alterations may account for the higher
nuclear grade and reported more aggressive
clinical behavior of PLCIS and pleomorphic
ILCs [117, 118, 121]. Chen et al. [116] analyzed
a large series of PLCIS and classic LCIS con-
firming the similarities between these lesions at
the genetic level. More specifically, PLCIS
samples were divided into two groups, non-
apocrine and apocrine: the former had similar
levels of genetic instability as those observed in
classic LCIS, whereas the latter displayed more
and specific genomic changes as amplification at

Fig. 12.5 Paget disease of the nipple (a, b H&E;
c HER2)
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17p11.2–17q12 and 11q.13.3, gain of 16p and
losses of 11q and 13q [116]. These alterations
were very much similar to those previously
described [117].

The available evidence suggests that PLCIS is
a genetically advanced lesion and is likely to be a
nonobligate precursor of pleomorphic ILC [116–
118, 121].

12.5.2.3 Microglandular Adenosis
Microglandular adenosis (MGA) is an uncom-
mon entity characterized by a haphazard prolif-
eration of homogeneous small and rounded
glands lined by a single layer of epithelial cells
around lumen containing secretions and/or cal-
cifications (Fig. 12.6) [122–124]. It has long
been described to occur in association with
invasive carcinomas (Fig. 12.6) [123, 125, 126],
however, the precursor nature of this lesion was
called into question by some experts in the field
[124]. This lesion displays a typical

immunophenotype, being strongly positive for
S100 protein and negative for ER, PR, and HER2
expression (TN phenotype), an immunopheno-
type that is also shared by concurrent invasive
carcinomas, which are often of high histologic
grade and frequently express basal markers [61,
127]. aCGH-based analyses have identified con-
cordant copy number changes in this spectrum
(MGA, atypical MGA, associated DCIS, and
invasive carcinomas), providing molecular evi-
dence of the neoplastic and nonobligate precur-
sor nature of a subset of MGA [61].

12.6 Papillary Lesions

Papillary breast lesions encompass a group of
lesions that share a typical architectural pattern,
being defined as epithelial proliferations sup-
ported by fibrovascular stalks with or without a
layer of myoepithelial cells occurring anywhere

Fig. 12.6 MGA (a typical; b atypical; c, d two examples with concurrent invasive carcinoma)
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in the ductal system (from the large retroareolar
ducts to the TDLU) [16]. They can be benign
(intraductal papilloma), atypical (atypical papil-
loma), or carcinomas (encapsulated papillary
carcinoma, solid papillary carcinoma, and inva-
sive papillary carcinoma).

12.6.1 Intraductal Papilloma

An intraductal papilloma is defined as a prolif-
eration of epithelial and myoepithelial cells
overlying fibrovascular stalks, thus creating an
arborescent structure within the lumina of a duct
[16]. They can be central (large ducts involved)
or peripheral (arising in the TDLU). Central
papillomas usually present with unilateral san-
guineous nipple discharge, while palpable mas-
ses are less frequent. Mammography can detect a
circumscribed retroareolar mass with dilated
duct, whereas small lesions can be occult. Cal-
cifications are rare. Galactography, by detecting
the irregular filling defect and obstruction may be
of help to the surgeon to localize the discharging
duct before intervention [16].

Histopathologically, the arborescent structure
may present a coexistence of papillary and ductal
patterns; whenever the latter predominates and is
also associated with marked sclerosis, the term
sclerosing papilloma is used.

Papillomas can undergo a series of changes,
such as inflammation, necrosis, and metaplasia
(of different types: apocrine, squamous, chon-
droid, osseous, mucinous). In addition, the whole
range of atypical/neoplastic proliferations may
arise in a papilloma or secondarily involve it.

Peripheral papillomas are often clinically
occult and multiple, involve terminal ducts and
TDLUs rather than large ducts, and nipple dis-
charge is much less frequent. Morphologically,
they share the same architectural pattern and
histologic features; the main distinction resides
on the more frequent association with concomi-
tant sclerosing adenosis, radial scars, UDH,
ADH, and in situ or invasive carcinomas [16].

12.6.2 Encapsulated
Papillary Carcinoma
and Solid Papillary
Carcinoma

Breast papillary carcinomas are histologically
defined as malignant neoplasms with a papillary
growth pattern, where the epithelial cells reside
directly in fine and delicate papillary fronds, with
no underlying myoepithelial cell layer. A papil-
lary carcinoma that is clearly intraductal (i.e.,
surrounded by a ductal wall with a myoepithelial
cell layer) is considered as a papillary pattern of
DCIS. The spectrum of breast papillary carcino-
mas encompasses, however, three other histologic
entities, namely encapsulated papillary carcinoma
(EPC), solid papillary carcinoma (SPC), and
invasive papillary carcinoma (IPC) [128, 129].
IPCs will be discussed in the section of special
histologic types of invasive carcinoma. Here we
discuss the two controversial papillary lesions
(EPC and SPC), whose status as intraductal or
invasive lesions has been a matter of debate.

EPC is a well-circumscribed nodule of papil-
lary carcinoma surrounded by a thick fibrous
capsule. In EPCs, the neoplastic cells are of low
to intermediate nuclear pleomorphism and
arranged in papillary fronds in the majority of
cases; however, areas with cribriform and/or
solid patterns can be found [16, 130]. Although
initially perceived as a variant of in situ papillary
carcinoma, recent studies have demonstrated that
EPCs consistently lack a myoepithelial cell layer
not only in the papillary fronds, but also at the
periphery of the tumor nodules [129, 131–133].
Therefore, what was thought to be a malignant
papillary intraductal/intracystic neoplasm, is now
best considered as an invasive carcinoma with
circumscribed borders, slow growth, and sur-
rounded by a reactive fibrous capsule. In agree-
ment with this notion, recurrence in the chest
wall and rare lymph node metastasis with the
same papillary architecture have been docu-
mented [129, 134]. Despite this invasive nature,
its long-term prognosis is excellent and
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comparable to DCIS; thus, most experts still
recommend EPC to be staged and clinically
managed as an in situ carcinoma.

SPC is also a well-circumscribed lesion that is
densely cellular and composed of one or multiple
expansile nodules, sheets, or coalescent papillae
of ovoid-to-spindle-shaped cells growing in a
solid pattern. Frequently, the fine and delicate
fibrovascular cores are not evident at first glance.
Neuroendocrine differentiation is a frequent fea-
ture, which may be of diagnostic utility [135]. In
addition, when SPC is associated with a clearly
invasive carcinoma, the latter often displays
neuroendocrine features [136]. In a way akin to
EPC, the classification of SPCs as invasive or
in situ disease remains a matter of controversy.
For instance, a myoepithelial cell layer may also
be absent in solid-papillary nodules, but if these
nodules are histologically well circumscribed, the
lesion can still be considered in situ. Neverthe-
less, an invasive counterpart of solid-papillary
carcinoma is accepted by many experts and it has
been coded in the last WHO classification of
breast tumors [16]. Solid nodules in a geo-
graphic, jigsaw-like pattern within a fibrous,
focally desmoplastic background, coupled with
absence of myoepithelial cells, may suggest an
invasive disease. As EPCs, these tumors may
also have the potential to disseminate to axillary
lymph nodes; distant metastases, although rare,
are on record [129, 130]. However, it has been
suggested that, if there is uncertainty about
invasion, SPCs should be regarded for staging
purposes as in situ carcinoma [16].

Finally, EPCs and SPCs are not uncommonly
associated with a clearly invasive carcinoma
component. This invasive component may be of
no special type, usually of low to intermediate
histologic grade, or of some special types, in
particular carcinomas of mucinous type or with
neuroendocrine differentiation. Whenever a
clearly invasive carcinoma component is present,
its size and features should be used for staging,
histologic grading, and IHC profiling purposes.

From a molecular standpoint, a recent
exploratory analysis of the transcriptomic

profiles of all three subtypes of PCs has revealed
that despite displaying similar patterns of gene
copy number alterations, transcriptomic profiles
showed significant differences among EPCs,
SPCs, and IPCs: EPCs expressed a subset of
genes involved in cell migration at significantly
lower levels than SPCs and IPCs, and SPCs
displayed transcriptomic and IHC features con-
sistent with those associated with neuroendocrine
differentiation. One may hypothesize that such
differences may account for their different his-
tologic features [137].

A recent study described a high-grade variant
of EPC, which was frequently ER-negative and,
in one case, had a fatal outcome despite the lack
of usual stromal invasion in the primary lesion
[138]. We argue that perhaps those cases with
papillary architecture, marked nuclear pleomor-
phism, and ER-negative phenotype would be
best categorized as invasive carcinomas of no
special type (IC-NSTs) with papillary features to
avoid under-treatment.

12.7 Invasive Carcinoma

An invasive breast carcinoma is defined by a
morphological infiltrative pattern, often coupled
with a desmoplastic stromal reaction, and/or,
with very few exceptions, the lack of a myoep-
ithelial cell layer.

The introduction of annual screening pro-
grams has dramatically changed the presentation
and natural history of breast cancer over the past
decades. In screening populations smaller lesions
are usually diagnosed at lower stages, allowing
more conservative surgical interventions. Inva-
sive carcinomas are detected at mammography as
opacities, distortions, or stellate lesions with or
without calcifications. This pattern largely mir-
rors what pathologists observe at gross analysis
where invasive carcinomas are usually described
as opaque whitish nodules, distortions, or
lesions. Occasionally, well-circumscribed lesions
of soft texture and/or gelatinous appearance can
be encountered, typically for mucinous,
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papillary, and some high-grade carcinomas that
at ultrasound examination may be misinterpreted
as dense cysts or benign nodules.

The WHO classification [16] is currently
based on morphological features and roughly
separates invasive carcinoma of no special type
(IC-NST), which is the commonest form of
breast cancer, from a large group of so-called
“special histologic types,” which together
account for approximately 25 % of all newly
diagnosed breast carcinomas. It is important to
note that histologic subtyping holds prognostic
significance, accordingly to earlier studies con-
ducted by Elston and Ellis [139], where it was
shown that patients affected by some special
types of breast cancer have a better or worse
outcome than those with an IC-NST (formerly
known as invasive ductal carcinoma of no special
type, IDC-NST). The St. Gallen International
Expert Consensus stressed that attention should
be posed on the recognition of histologic types,
as some of them, like tubular and cribriform
carcinomas, have an excellent prognosis and may
be treated by surgery alone [140]. On the other
hand, interobserver agreement rates of histologic
subtyping are modest and the existence of some
entities is controversial [16].

Since the last decade of the twentieth century,
the application of high-throughput molecular
techniques, in particular microarray-based gene
expression profiling, has definitely reshaped our
understanding of breast cancer. Studies using this
set of techniques have changed some aspects of
breast cancer classification, and provided a
working model for the taxonomy for breast
cancer [141]. Undoubtedly, the most important
contribution of microarrays to breast cancer
research has been the realization that breast
cancer is not a single disease. The seminal
expression microarray-based class discovery
studies by the Stanford group devised the
so-called molecular classification of breast can-
cer, based on the identification of the “intrinsic
gene list” and subsequent hierarchical clustering
of cases based on the expression of genes per-
taining to this list [142]. This approach divides

breast cancers into two main groups: ER-positive
and ER-negative disease. The ER-positive group
comprises the luminal tumors: these typically
show the expression of ER and of genes per-
taining to ER pathway, and other transcripts
usually found in luminal epithelial cells [141,
142]. Luminal cancers can be further subdivided
into two distinct subgroups: luminal A (charac-
teristically showing high levels of ER and ER
pathway activation) and luminal B cancers
(which show lower levels of ER and high levels
of genes pertaining to the proliferation cluster)
[141, 142]. The ER-negative cluster encom-
passes HER2, and basal-like cancers. The
microarray-defined group of HER2-expressing
tumors is characterized by high levels of
expression of genes pertaining to the HER2
amplicon, including HER2, GRB7, GATA4, and a
high level of NF-κB activation [141, 142].
ER-positive HER2-amplified cancers often clus-
ter together with luminal B tumors [141]. The
last group comprises cancers that lack ER and
HER2 expression and have been named
basal-like carcinomas, as they are characterized
by the expression of genes known to be prefer-
entially expressed by basal/myoepithelial cells,
such as CK 5 and 17, integrin 4, laminin, c-KIT,
α6 integrin, metallothionein IX, fatty acid bind-
ing protein 7, P-cadherin, EGFR, and NF-κB
[141, 142].

This molecular classification is not a mere
academic exercise, given that it holds prognostic
significance, with tumors of luminal A subtype
being associated with the best outcome, and
tumors of basal-like or HER2 subtype with the
worst outcome [143–145].

In addition, subsequent studies have refined
this classification and recognized further sub-
groups. For instance, the ER-negative group
beyond the originally described basal-like and
HER2-enriched subtypes [142, 146] has been
shown to encompass other subgroups. These
include claudin-low tumors, of which 60–70 %
are of TN phenotype (i.e., lacking ER, PR, and
HER2 expression) and are potentially enriched
for the so-called cancer stem cells [147] and the

192 C. Marchiò et al.



molecular apocrine subtype, characterized by the
expression of androgen receptor, transcriptomic
features consistent with the activation of the
androgen receptor pathway and poor clinical
outcome [148–150].

It has long been debated about carcinomas of
basal-like intrinsic subtype being equal to
IHC-defined TN breast cancers (TNBCs).
Although there is a wide overlap between the two
entities (about 80 %), it has been demonstrated
that one is not the surrogate of the other [151–
153]. The clinically-defined umbrella “TN sub-
group” is more heterogeneous than the basal-like
intrinsic subtype [151, 154]. While perhaps the
major feature of basal-like subtype is a notable
association with BRCA1-mutant patients
(“BRCAness”) [155–158], recent studies have
shown the existence within TNBCs of either six
(basal-like I, basal-like II, mesenchymal, mes-
enchymal stem-like, immunomodulatory, and
luminal androgen receptor) [159] or four sub-
types (luminal androgen receptor, mesenchymal,
basal-like immune-suppressed, and basal-like
immune-activated) [160]. These TNBC classifi-
cation systems also provide an interesting
framework to match subtypes of the disease with
specific targeted therapies [160, 161], given that
the six-subtype classification is associated with
distinct responses to neoadjuvant chemotherapy
[162].

A further step about molecular classification
of breast cancer has been added by the Molecular
Taxonomy of Breast Cancer International Con-
sortium (METABRIC), which has reported on a
breast cancer classification based on a genomic
analysis that integrates gene expression and
genome-wide copy number alterations (CNAs)
[163]. From the first study, which included the
analysis of approximately 2000 tumors, it has
become apparent that the most parsimonious
number of molecular subtypes of breast cancer is
ten [163]. ER-positive and ER-negative tumors
differ also in the pattern and type of gene CNAs:
while the majority of ER-positive breast cancers
(grade 1, 80 %; grade 3, 50 %) are characterized
by concurrent deletions of 16q and gains of 1q,
these concurrent alterations appear to be
remarkably rare in ER-negative tumors [65]. On

the other hand, TNBCs harbor complex patterns
of copy number gains and losses throughout the
genome [164, 165]. The proponents of this
classification system have further developed a
gene expression-based approach to classify
breast carcinomas into the ten integrative clusters
[165]. This methodology, in a way akin to
PAM50 for the “intrinsic” subtypes [146] could
enable a simpler translation of such integrative
analysis that otherwise would require both gene
expression and CNA information. The analysis
of 7544 BCs with the new classifier has revealed
that the METABRIC classification may be more
informative in the contextualization of the
genomic drivers identified by massively parallel
sequencing studies of breast cancer [165] than
the “intrinsic” subtypes [166].

Although the molecular classification of
breast cancer has been largely adopted by the
scientific and clinical community, the histologic
classification should not be neglected. The St.
Gallen International Expert Consensus has
indeed suggested that early breast cancer therapy
should be defined according to the intrinsic
subtypes [140]. Nevertheless, as mentioned
above, St. Gallen experts advised that some
special histologic types may be particularly
endocrine sensitive and therefore may not need
chemotherapy. In addition, in the context of TN
disease, proper histologic classification is of
extreme importance to avoid unnecessary sys-
temic treatment for patients with some low-grade
forms of TN carcinoma, such as acinic cell,
adenoid cystic, and secretory carcinoma. There-
fore, despite the great value of the molecular
classification for treatment decision, histologic
classification still plays a role and should not be
relegated to an academic exercise.

12.7.1 Invasive Carcinoma
of no Special Type
(IC-NST)

Invasive carcinoma of no special type (IC-NST),
despite accounting for the vast majority (up to
75 %) of all invasive breast carcinomas, repre-
sents a diagnosis of exclusion, as it is best
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defined as any epithelial invasive neoplasm that
does not fulfill criteria for any of the special
histologic subtypes [16]. This entity was for-
merly known as invasive ductal carcinoma of no
special type. As explained above, the
ductal/lobular terminology has no histogenetic
implications, thus the WHO committee decided
to change the nomenclature.

Due to this negative definition, morphologic
heterogeneity is to be expected. An IC-NST can
be composed of several growth patterns, such as
duct-forming structures of variable size or large
solid sheets of cells. To circumvent this histo-
logic heterogeneity and provide some prognostic
information, histologic grading according to the
Elston and Ellis grading system, also known as
Nottingham grading system [167] plays a major
role in this subtype of breast carcinoma (see
below).

The stromal compartment is usually desmo-
plastic and may be populated by inflammatory
cells, such as lympho-mononuclear cells that
infiltrate the tumor (tumor infiltrating lympho-
cytes, TILs). Recently, due to the increasing
knowledge on the immune response elicited by
tumors and the availability of immune therapies,
attention has been given to the TILs in breast
cancer. Presence of TILs has been reported in
different breast cancer subtypes: brisk lympho-
cytic infiltrates represent, for instance, one of the
typical features of basal-like and
BRCA1-associated breast carcinomas [168], and
increased lymphocytic infiltration into tumors
has been associated with ductal histology, high
grade, absence of expression of hormone recep-
tors or high expression of the proliferation anti-
gen Ki67 [169, 170]. Lymphocyte-rich tumors
have been associated with effective therapeutic
responses and favorable clinical outcomes [171–
174]. Multiple retrospective analyses of
prospective clinical trial samples have provided
level I evidence for the assessment of TILs as a
prognostic factor in breast cancer, and interna-
tional guidelines for their assessment have been
published [175]. It should be noted, however,
that TILs are a prognostic factor in patients with
TN or HER2-positive tumors treated with

chemotherapy. Therefore, for the time being, TIL
assessment may not have a clear clinical utility,
as the management of these patients is still the
same independent of the presence or lack of
TILs. Perhaps, the introduction of immune ther-
apies or distinct chemotherapies for those
patients that lack an immune response may
change this scenario.

In a way akin to the morphological hetero-
geneity, IC-NSTs is also heterogeneous at the
immunophenotypical and molecular level, as
highlighted by the molecular classification of
breast cancer, which was originally described in
a cohort of IC-NSTs and a few lobular carcino-
mas [142]. The vast majority is ER-positive
(approximately 75 %), 15 % of cases may be
HER2-positive and the remaining cases fall into
the category of TNBC. As for histologic special
types, definition of prognosis is based on evalu-
ation of morphologic features (size, histologic
grade, mitotic index, lymph node status),
immunophenotypical profiling (assessment of
ER, PR, proliferation index by Ki67), and
genomics (HER2 gene status, use of gene
expression signatures), which will be discussed
more in detail in the next sections.

IC-NSTs can be admixed to any histologic
special type and the WHO classification has
defined some arbitrary cut-offs. A 50 % cut-off is
adopted (i.e., the special type component has to
represent at least 50 % of the lesion to allow for a
diagnosis of invasive mixed carcinoma [16]).
When the special type makes up for less than
50 % of the tumor, a diagnosis of IC-NST with a
focal special type component should be rendered.

12.7.2 Special Types of Invasive
Carcinoma

Breast cancer special types account for up to
25 % of all breast cancers. The WHO classifi-
cation recognizes the existence of at least 20
entities, which are mainly defined by unique
histologic features [16]. It is important to note
that histologic subtyping holds some prognostic
significance: patients affected by some special
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histologic types do differently than those affected
by IC-NST [139].

It should be noted that the molecular classi-
fication was originally devised for IC-NSTs and
a small subset of ILCs, however, a subsequent
study [176] analyzed a series of 113 tumors from
11 special histologic types of breast cancer and
provided the first transcriptomic description of
histologic special types. Importantly, gene
expression [176–181] and aCGH studies [177,
180, 182–184] of special histologic types of
breast cancer have revealed that at the genomic
and transcriptomic level, tumors from each of the
special histologic types of breast cancer are more
homogeneous amongst themselves than
IC-NSTs. In addition, some special histologic
types appear to be almost exclusively
ER-positive (micropapillary, mucinous,
tubular/cribriform, lobular and papillary carci-
nomas), whereas others (adenoid cystic, secre-
tory and metaplastic breast cancers) are
uniformly ER-negative [176, 185–187].

Genotypic–phenotypic correlations between
specific genetic aberrations and special histologic
types of breast cancer have emerged [185]. For
instance, adenoid cystic carcinomas and secre-
tory carcinomas are underpinned by the recurrent
fusion genes MYB–NFIB [188] and ETV6–
NTRK3 [189], respectively, and lobular carcino-
mas are underpinned by loss of function of
E-cadherin [187, 190]. Furthermore, micropap-
illary [183, 184, 191], mucinous [182], and
adenoid cystic [192] carcinomas display different
patterns of genomic alterations when compared
to grade- and ER-matched IC-NSTs. Finally, the
genes whose expression determines the clinical
behavior of special types of breast cancer may
differ from those implicated in the prognosis of
IC-NSTs, as exemplified by the relatively poor
discriminatory power of prognostic gene signa-
tures observed in special types of breast cancer
[182, 193, 194].

Below we provide an overview of some spe-
cial histologic types where morphologic features
and genomic make-ups are described.

12.7.2.1 Lobular Carcinoma
Invasive lobular carcinomas (ILC) is the most
frequently diagnosed special histologic type and
the second most frequently diagnosed form of
invasive breast cancer, accounting for about 10–
15 % of all newly diagnosed breast cancers [16].
It is characterized by small discohesive neo-
plastic cells invading the stroma in a single
cell-file (aka “indian file”) pattern (classic type)
(Figs. 12.7 and 12.8) [79]. ILC variants have also
been described including the solid, alveolar, tra-
becular, and pleomorphic patterns. The solid
pattern features sheets of cells, whereas in the
alveolar variant we encounter globular aggre-
gated of up to 20 cells. In both cases cells show
the typical discohesiveness of the classic variant,
but in the solid variant, more significant pleo-
morphism and higher mitotic activity may be
present [16]. The pleomorphic variant displays
the distinctive growth pattern of lobular carci-
noma but with a marked degree of cellular atypia
and nuclear pleomorphism [16] and may show
apocrine or histiocytoid differentiation [16].
Signet ring cells are typically encountered in all
ILC variants, if making up most of the tumor
volume a signet ring cell variant may be
diagnosed.

Lack of E-Cadherin protein expression is the
hallmark feature of ILC (Fig. 12.7), also
encountered in the in situ lesion (see section on
LN) and represents the underlying reason for the
discohesive growth pattern [16, 78]. This phe-
notype is determined by inactivating CDH1
mutations in the large majority of cases. The
CDH1 gene is located on 16q, thus truncating
mutations, loss of 16q, gene promoter methyla-
tion and/or transcriptional alterations co-occur
leading to biallelic inactivation of the gene and
loss of protein expression [78]. Interestingly,
CDH1 inactivation may not only be responsible
for the histologic pattern, but also for the meta-
static behavior of ILCs, which more commonly
metastasize to anatomical sites such peritoneum,
meninges, and gynecological and gastrointestinal
organs. In a mouse model where CDH1 and
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TP53 were inactivated, the animals developed
tumors that recapitulated both morphological and
metastatic patterns of ILCs [91].

IHC for E-cadherin can be used to confirm the
histologic type in lesions with borderline ductal
(no special type) versus lobular histologic fea-
tures, even though it has to be pointed out that
aberrant E-cadherin expression in ILCs may be
misleading [78]. Another characteristic
immunophenotypic feature of ILC is the pres-
ence of cytoplasmic expression of p120 catenin
[78]. p120 catenin, normally bound to the intra-
cytoplasmic domain of E-cadherin, becomes
upregulated when E-cadherin is lost [195].
Cytoplasmic p120 staining can be of help to
resolve discordance between morphology and the
E-cadherin pattern of staining.

A diagnosis of ILC on presurgical biopsy
material should be made whenever possible;
indeed, this detail may be of help to clinicians
since: (i) ILC is frequently multicentric and
bilateral, and careful study of both mammary
glands with magnetic resonance may be consid-
ered (lobular carcinoma represents one of the
indications in the guidelines of the EUSOMA
working group for magnetic resonance imaging
of the breast [196]); (ii) it has been reported that
lobular carcinomas show a low rate of pathologic
complete response (pCR) when subjected to
primary systemic treatment, therefore, this his-
tologic type does not represent a good candidate
for neoadjuvant treatment [197, 198].

These carcinomas are typically ER-positive
(only 5 % of ILCs are actually ER-negative)

Fig. 12.7 Panel of special histologic types of invasive
breast cancer (a lobular carcinoma; b tubular carcinoma;
c cribriform carcinoma; d mucinous carcinoma, type A;
e mucinous carcinoma, type B; b; f synaptophysin

staining in a mucinous carcinoma, type B; g inverted
micropapillary carcinoma; h adenoid cystic carcinoma;
i acinic cell carcinoma)
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[16] and most of them are of luminal A subtype
[176]. However, some degree of molecular
heterogeneity is still observed in ILCs, in par-
ticular in the pleomorphic form, which is not
uncommonly ER-negative, HER2-positive by
IHC or ISH, and/or harbor HER2 gene mutation
[199]. Notably, gene expression analyses have
confirmed that pleomorphic ILCs are closer to
classic ILCs than grade- and ER-matched
IC-NSTs [190].

Very recently, The Cancer Genome Atlas
(TCGA) consortium has carried out the most
comprehensive genomic comparison between
ILCs and IC-NSTs and identified, in addition to
the best-known ILC genetic hallmark E-cadherin
loss, some ILC-enriched features, including
mutations targeting PTEN, TBX3, and FOXA1
[200]. HER2 mutations were also detected, at a
lower frequency (4 %) than reported before
(23 % in [201]). A striking difference between
ILCs and IC-NST was a higher PI3K/Akt acti-
vation in ILCs as compared with IC-NSTs within
the luminal A subtype, a finding that may have
therapeutic implications as anti-PI3K therapy
(i.e., Everolimus) is a therapeutic option for
ER-positive/HER2-negative metastatic breast
cancer [202]. Interestingly, contrary to the pre-
vious notion that CDH1 gene promoter methy-
lation could be causative of loss of E-cadherin
expression in ILCs, the results of the ILC TCGA
study failed to observe an impact of methylation
on E-cadherin protein expression [202]. Further

studies to determine the mechanism by which
E-cadherin is lost in ILCs lacking biallelic inac-
tivation of CDH1 are warranted.

12.7.2.2 Tubular Carcinoma
Tubular carcinoma (TC) accounts for approxi-
mately 2–4 % of all invasive breast cancers [16].
Histologically, TCs feature well-defined round,
ovoid or angulated tubules with open lumina
dispersed in a cellular fibrous or fibroelastotic
cellular stroma (Fig. 12.7), which is characteris-
tically reproduced also in rare lymph node
metastasis. The tubules are lined by a single layer
of relatively uniform epithelial cells with little
nuclear pleomorphism and low proliferation [16].
Given the high percentage of tubule formation,
low levels of nuclear pleomorphism, and low
mitotic rates, TCs always fall within histologic
grade 1 carcinomas [16]. It is important to adhere
to stringent criteria when diagnosing TC to
ascertain its excellent prognosis.

TC is typically hormone receptor positive,
HER2-negative, and low proliferative (Ki67 <
10 %), and the great majority of these tumors are
classified as luminal A molecular subtype [176],
which has been consistently shown to display a
better outcome than the remaining molecular
subtypes [143–146]. We have observed, how-
ever, morphological bona fide examples of TCs
that are PR-negative, despite a very low Ki67
index. This may have some clinical impact as PR
levels below 20 % have been suggested to

Fig. 12.8 Invasive lobular carcinoma (a H&E; b E-CAD staining with positive internal control, i.e. a breast lobule)
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correlate with luminal B subtype [203–205],
whereas the identification of TCs denotes a par-
ticularly good prognosis [16, 206]. A large ret-
rospective study carried out by Rakha et al. [206]
has demonstrated that the outcome of patients
with pure TCs is significantly better than that of
patients with grade 1 IC-NSTs. Pure TCs,
low-grade IC-NSTs, and low-grade ILCs have
been demonstrated to share immunophenotypic
and genetic similarities, and pertain to the
so-called “low-grade breast neoplasia family”
[56, 57]. At the transcriptomic level, TCs are
indeed very similar to histologic grade- and
molecular subtype-matched IC-NSTs, supporting
the concept that these two entities may evolve
through common molecular pathways and have
similar precursor lesions. However, subtle tran-
scriptomic differences between these two entities
were detected. Pure TCs were shown to be char-
acterized by an upregulation of several compo-
nents of the ER canonical pathway, including
ESR1,CREBBP1, and NCOR1. Furthermore, TCs
were shown to display higher expression levels of
INPP4B, a tumor suppressor gene with inhibitory
effect on PI3K pathway. It should be noted,
however, that differences were small and it is very
unlikely that markers or a gene signature for TC
could be developed. Therefore, the correct his-
tologic identification of TCs remains an important
prognostic factor within the luminal A subtype.
For instance, patients with TCs may not need a
good-prognosis gene expression signature to
forgo chemotherapy.

12.7.2.3 Cribriform Carcinoma
Similar to TCs, this lesion represents an invasive
carcinoma with an excellent prognosis that
shows a cribriform growth pattern similar to that
of the in situ carcinoma, with which it is fre-
quently associated (Fig. 12.7). A mixture of
cribriform and tubular components may be
appreciated in some cases. As in TCs, tumor cells
are small and nuclei show a low or moderate
degree of pleomorphism. Mitotic figures are rare.
Cribriform carcinoma is invariably (100 %) ER
positive and frequently (about 70 %) PR posi-
tive. The main and most important differential
diagnosis is with adenoid cystic carcinoma,

which mimics the growth pattern but is consis-
tently of TN phenotype [16].

12.7.2.4 Mucinous Carcinoma
Also called mucin-producing or colloid carci-
noma, this histologic type includes a variety of
carcinomas accounting for about 2 % of all
breast cancers characterized by production of
abundant extracellular and/or intracellular mucin
[16]. Mucinous carcinomas preferentially affect
older women and are usually associated with a
good clinical outcome [207–209].

Histologically, mucinous carcinomas feature
small cell clusters floating in large amounts of
extracellular mucin (Fig. 12.7). Nuclear atypia
and mitotic figures are uncommon. There is some
controversy on how to diagnose breast carcino-
mas with mucin production but with marked
nuclear pleomorphism. Some advocate that these
cases should be called “IC-NSTs with mucin
production,” while the term mucinous carcinoma
should be used only for those with low-grade
histology. The WHO classification, however,
accepts the existence of some high-grade muci-
nous carcinomas. Capella et al. [210] have
described two variants, based on cellularity, size
of the clusters and cellular patterns: (i) type A, or
hypocellular; (ii) type B, or hypercellular.
Type B is more frequently associated with neu-
roendocrine differentiation as a cellular/nuclear
pattern and at IHC [181, 211].

Mucinous tumors are typically ER-positive
and classified as “luminal” tumors at the tran-
scriptomic level. The histologic variants, type A
and type B, have been shown to harbor signifi-
cantly different gene expression profiles. Muci-
nous B tumors often display features of
neuroendocrine differentiation and transcriptomic
profiles remarkably similar to those of neuroen-
docrine breast cancers [181].

Mucinous carcinomas have been shown to be
genomically distinct from IC-NSTs. In a com-
parative study with grade- and ER-matched
IC-NSTs, these tumors significantly less fre-
quently harbored gains of 1q and 16p and losses
of 16q and 22q. Notably, no pure mucinous
carcinoma displayed concurrent 1q gain and 16q
loss, a hallmark genetic feature of low-grade
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ER-positive IC-NSTs [182]. In addition, muci-
nous carcinomas have been shown to completely
lack PIK3CA mutations, another feature of
low-grade ER-positive IC-NSTs [212]. Taken
together, these findings suggest that mucinous
carcinomas may evolve from a different molec-
ular pathway as compared to usual ER-positive
breast cancers.

12.7.2.5 Micropapillary Carcinoma
Pure micropapillary carcinomas (MPCs) account
for 0.7–3 % of all breast carcinomas [16]. MPCs
display a distinctive growth pattern, featuring
clusters of cells with “inverted polarity” [213]
surrounded by empty spaces in a spongy stroma
[16] (Figs. 12.7 and 12.9). A more objective
identification of this subtype can be achieved with
the help of IHC analysis with antibodies against
epithelial membrane antigen (EMA, aka MUC-1)
[214–216], which typically decorate the

stroma-facing border of the cell clusters
(Fig. 12.9). Importantly, pure MPCs of the breast
are associated with a peculiar proclivity for lym-
phovascular invasion (Fig. 12.9), a high incidence
of lymph node metastases and arguably a poorer
prognosis than unselected IC-NSTs [214, 217,
218]. Importantly, when compared with IC-NSTs
matched for age, tumor size, and grade, peritu-
moral vascular invasion, IHC-defined molecular
subtype, number of positive lymph nodes and year
of surgery, micropapillary histologic type did not
add any independent information to the risk of
locoregional or distant relapse, or overall survival
[219]; however, MPCs more frequently presented
as locally advanced disease than IC-NSTs [219].

MPCs are usually ER-positive/HER2-
negative with a minority being ER-positive/
HER2-positive and accordingly classified at the
transcriptomic level as luminal carcinomas [176].
We have observed, however, some rare cases of

Fig. 12.9 MPC (a H&E; b EMA; c tumor emboli, double staining for EMA (red) and for D2-40 (brown); d HER2)
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MPCs with apocrine differentiation, which are
ER-negative and frequently HER2-positive.
Interestingly, positivity for HER2, even when
strong, is typically not complete and is typically
mutually exclusive with EMA (Fig. 12.9). This
pattern has been taken into account in the latest
ASCO/CAP guidelines as a particular category
that needs ISH testing to confirm the HER2
status, in case membrane positivity is
moderate/intense but incomplete in more than
10 % of cells [220]. Proliferation indices are
usually medium to high, leading to the concept
MPCs may be closer to luminal B than luminal A
carcinomas [184]. This has been corroborated by
results obtained with aCGH analysis, which have
revealed that: (i) pure and mixed MPCs are
remarkably similar at the genetic level [183];
(ii) they harbor a constellation of genetic aber-
rations that is distinct from that of grade- and
ER-matched IC-NSTs [183, 184], and (iii) they
typically display genomic features of luminal B
breast carcinomas, such as gains of 1q, 8q, 17q,
and 20q and losses of 1p 8p, 13q, 16q, and 22q
[183, 184, 191].

In a small series of pure MPCs subjected to
targeted capture sequencing for genes recurrently
mutated in breast cancer and DNA repair-related
genes, single cases harbored mutations described
in luminal B carcinomas corroborating the concept
that MPCs have a constellation of genetic aberra-
tions similar to those of luminal B breast cancers
[191]. No pathognomonic mutation or expressed
fusion gene underpinning the micropapillary
morphology has so far been identified.

12.7.2.6 Invasive Papillary Carcinoma
Invasive papillary carcinoma (IPC) of the breast
is a histologic special type that accounts for
approximately 1 % of all invasive breast cancers.
This is a poorly-characterized histologic special
type of breast cancer; thus, clinical features and
outcome features are unknown. As already
described in general for papillary lesions, histo-
logically they feature arborescent fibrovascular
stalks lined by a layer of neoplastic epithelial
cells devoid of an intervening myoepithelial cell

layer, frankly invading surrounding tissue [128].
Whenever facing a clearly invasive papillary
carcinoma in the breast parenchyma, a metastatic
carcinoma from another organ to the breast
should be ruled out [16].

At the genomic level, one study revealed
papillary carcinomas constitute a relatively
homogeneous entity displaying a luminal phe-
notype and lacking HER2 gene amplification.
They display relatively simple genomes [185],
consistent with those of low-grade ER-positive
breast cancers (i.e., 16q losses, 16p gains, and 1q
gains) [14], with a significantly lower number of
gene copy number aberrations than grade- and
ER-matched IC-NSTs. It should be noted that
this study included EPCs and SPCs. IPCs have
been reported to harbor PIK3CA mutations in
about 40 % of cases, a feature of ER-positive
IC-NSTs of good prognosis [221]. A recent
transcriptomic analysis has revealed that IPCs
display lower levels of expression of
proliferation-related, cell assembly and organi-
zation and cellular movement and migration
genes when compared to IC-NSTs of the same
histologic grade and ER status [137].

12.7.2.7 Carcinoma with
Neuroendocrine
Features

Primary neuroendocrine breast carcinoma
(NBC) was originally described in 1977 by
Cubilla and Woodruff [222], based on the
recognition of carcinoid-like structures in breast
cancer showing a solid/alveolar pattern. In 2003,
the WHO included a category of neuroendocrine
tumors that in the latest edition has been
rephrased as carcinoma with neuroendocrine
features [16]. These lesions, which account for
2–5 % of all BCs, are defined as carcinomas
exhibiting morphological features similar to
those of neuroendocrine neoplasms of other
organs, including the gut [16]. Typically, tumor
cells are arranged in solid nests and/or trabeculae
separated by delicate fibrovascular stroma;
rosettes, peripheral palisading, and solid papil-
lary formations are also considered features of
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neuroendocrine cancers [16]. Some variants have
been described, i.e., solid/carcinoid-like type,
usually of low to intermediate grade, the
small/oat cell variant and the large cell type,
which are both poorly differentiated NBCs [211].
In addition to morphological features, the diag-
nosis of NBCs relies on the expression of neu-
roendocrine markers, which ought to be present
in >50 % of tumor cells. These apparently
easy-to-apply criteria are equivocal and contro-
versial (except for the extremely rare classical
small/oat cell carcinomas), since NBC morphol-
ogy may be highly heterogeneous displaying
features shown by non-NBCs. Of note, other
histologic types can show neuroendocrine dif-
ferentiation, such as the cellular mucinous type B
(Fig. 12.7) and SPC [16].

These lesions usually affect elderly women
and have an indolent clinical behavior; they are
typically ER-positive/HER2-negative and at the
transcriptomic level have been shown to pertain
to luminal A subtype more frequently than to the
luminal B subgroup [181]. Interestingly, in a
transcriptomic study of mucinous and NBCs,
where it was demonstrated that both are tran-
scriptionally distinct from IC-NST, mucinous
carcinomas type B and NBCs shared similar
transcriptomic profiles [181].

12.7.2.8 Carcinoma with Apocrine
Differentiation

Apocrine carcinoma of the breast is a rare subtype
of breast carcinoma constituting approximately
1 % of all mammary carcinomas [16]. In routine
work, these tumors are often diagnosed using
standard hematoxylin and eosin (H&E) staining
because of their characteristic cytological fea-
tures, i.e., cells with abundant eosinophilic and
granular cytoplasm, large nuclei with prominent
nucleoli, and visible cell membrane (Fig. 12.7).
Some authors, however, have suggested that
(pure) apocrine carcinoma should be diagnosed
only when morphology correlates with the
expected immunoprofile, that is, ER-, PR- and
HER2-negative and androgen receptor (AR)-
positive [223, 224]. The cytomorphological

appearance of apocrine differentiation in a breast
tumor does not always correspond to a classic
apocrine immunophenotype reported in the liter-
ature as specific for apocrine tumors [225, 226]. In
fact, only 73 % of these carcinomas fulfill the IHC
criteria of true apocrine breast tumors (i.e., ER-/
PR-/AR+) [226]. Diffuse expression of the
15-kDa gross cystic disease glycoprotein
(GCDFP-15) is also a common feature [226],
whereas in usual breast carcinomas GCDFP-15
expression is usually focal.

Transcriptomic analyses [176] have suggested
that apocrine carcinomas hold heterogeneous
gene expression profiles and pertain to multiple
molecular subtypes, consistent with the notion
that these tumors are unlikely to constitute a
distinct entity. As breast carcinomas of any type
and grade may display features of apocrine dif-
ferentiation, these data suggest that it might be
more clinically and biologically relevant to
identify the group of “molecular apocrine”
tumors, which show not only features of apocrine
differentiation at the histologic level, but also
increased androgen signaling [176]. Recently,
Lehmann-Che et al. [227] have described the
morphological and IHC features of a series of
“molecular apocrine”-defined tumors. From the
histologic point of view, the retrospective anal-
ysis described them all as IC-NSTs, but only 7 %
presented with morphological apocrine features.
From the IHC point of view, the signature
“HER2(3+) OR GCDFP-15(+)” had a sensitivity
and a specificity for molecular apocrine tumors
of 94 and 100 %, respectively, and displayed the
best possible marker combination to discriminate
molecular apocrine carcinomas from basal-like
carcinomas in the context ER negative breast
cancer [227].

Targeted sequencing analysis on a small
subset of apocrine carcinomas (7 cases) has
revealed mutations affecting mTOR signaling
pathway genes including PIK3CA (2/7) and
PTEN genes (3/7) (coupled to PTEN loss of
protein expression), and TP53 (2/7) [225].
PIK3CA mutations have been previously descri-
bed in a small series of benign and malignant
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apocrine lesions, whereas germline PTEN muta-
tions have been described in patients with
Cowden syndrome that are prone to develop
breast cancer with apocrine differentiation. Sin-
gle cases also harbored KRAS and BRAF gene
mutations [225].

Given that apocrine differentiation can occur
in any histologic type and is associated with
heterogeneous molecular profiles, and that, at
this moment, the clinical significance of apocrine
differentiation is not clear, apart from a definite
association with androgen signaling and possible
benefit from antiandrogen therapy, the latest
WHO classification does not recognize pure
apocrine carcinoma. It has been recommended to
type an invasive carcinoma according to its
structural type and mention the apocrine differ-
entiation. Thus, for instance, according to the
WHO classification, a case with non special
morphology, but with diffuse apocrine cytology,
should be diagnosed as IC-NST with apocrine
differentiation [16].

12.7.2.9 Metaplastic Carcinoma
Metaplastic breast carcinoma (MBC) accounts
for 0.2–5 % of all invasive breast cancers and is
an aggressive histologic type of breast cancer.
The adjective metaplastic is actually an “um-
brella term” for a heterogeneous group of cancers
that are characterized by the presence of neo-
plastic cells displaying differentiation toward
squamous epithelium and/or mesenchymal com-
ponents, such as spindle, chondroid, osseous, or
rhabdoid cells [16, 228]. They are perceived
clinically as a single entity, however, there is
evidence to demonstrate that these tumors are
heterogeneous in regards to their biological
characteristics and, potentially, clinical behaviors
[16, 228, 229]. For the time being, the WHO
adopted a descriptive histologic classification of
MBC. Thus, when diagnosing a MBC, one
should clearly describe the distinct morphologi-
cal components present. In fact, this may have
some clinical implications, as, for instance,
MBCs with complete (>95 % of the tumor) sar-
comatoid differentiation display a significantly

worse prognosis and seem not to benefit from
conventional chemotherapy offered for TNBC
patients [230].

As a group, MBCs (>90 %) display a TN
phenotype, and frequent expression of
basal-markers [228]. Like TNBCs, MBCs are
generally characterized by high levels of genetic
instability and these two entities also share a
similar pattern of gene copy number alterations
[231]. At the transcriptomic level, MBCs pref-
erentially have a basal-like or claudin-low
molecular subtype and frequently harbor TP53
mutations [231–233]. MBCs with spindle cell
morphology are the ones more likely to be
classified as claudin-low [228, 234–236], which
is not surprising given that these cases display
overt mesenchymal differentiation akin to
epithelial-to-mesenchymal transition phenotype,
a defining-feature of the claudin-low subtype. In
addition, it has been shown that MBCs were
preferentially of mesenchymal-like and mes-
enchymal stem-like using the six molecular
subtype classification of TNBC [159]. When
applying the integrative clustering approach,
MBCs were of IntClust 4, IntClust 1, IntClust 8,
and IntClust 9 [229].

As a further level of complexity, it has
recently been shown that different histologic
components of MBCs are associated with
specific molecular features [229]. Samples
exclusively or predominantly composed of areas
of spindle cell metaplasia or chondroid meta-
plasia were of claudin-low intrinsic molecular
subtype and of mesenchymal-like TNBC sub-
type, respectively, whereas those samples
exclusively or predominantly composed of
squamous metaplasia were more heterogeneous.
These findings imply that the molecular subtype
of a metaplastic breast carcinoma may be dif-
ferent depending on the morphologic component
sampled and subjected to molecular analysis. It is
currently unknown, however, whether the dif-
ferent histologic components of metaplastic
breast carcinomas are underpinned by distinct
constellations of point mutations, structural
genetic rearrangements, and/or epigenetic
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alterations; however, a previous study has
demonstrated that histologically distinct compo-
nents of a given metaplastic breast carcinoma
may harbor different somatic genetic alterations
[237].

The information on the mutational landscape
of MBCs is still scarce. No pathognomonic
mutation or recurrent fusion gene that accounts
for the histologic characteristics of these cancers
has been identified, and it is unknown whether
different repertoires of somatic mutations drive
the distinct subtypes of MBCs. The morpholog-
ically and phenotypically distinct components of
individual MBCs have been shown to be clonal
on the basis of the presence of identical TP53
mutations [237]. However, intratumor genetic
heterogeneity (i.e., differences in the somatic
genetic alterations between phenotypically dis-
tinct components of individual cases) is also
evident [237]. Mutations in TP53 and PIK3CA,
and losses of PTEN and p16 cyclin-dependent
kinase inhibitor 2A (CDKN2A) have been
recurrently found in MBCs; however, they do not
seem to be restricted to tumors of specific phe-
notypes [231, 237] and are not unique to MBCs.
Overexpression and amplification of the epider-
mal growth factor receptor (EGFR) gene have
been reported in a subset of MBCs and seem to
be more prevalent in tumors with squamous
and/or spindle cell metaplasia [238].

Although MBCs are mostly high-grade and
display an aggressive behavior, which appears to
be worse than usual TNBCs, there are two
low-grade MBC subtypes, namely, fibromatosis-
like spindle cell carcinoma and low-grade
adenosquamous carcinoma. Both are also of TN
phenotype, but carry distinct clinical implica-
tions. First, from a histologic point of view,
fibromatosis-like spindle cell carcinoma has to be
distinguished from desmoid-type fibromatosis
and other benign spindle cell lesions of the
breast, as, though less than high-grade MBCs,
they still have a long-term metastatic potential
and must be surgically treated as carcinomas [41,
239]. Low-grade adenosquamous carcinoma
display infiltrative borders and a tendency for
local recurrence, thus extreme attention to

surgical margins are needed. In contrast, the
metastatic potential is minimal and therefore
chemotherapy should be avoided.

12.7.2.10 Adenoid Cystic Carcinoma
Adenoid cystic carcinomas (AdCCs) are malig-
nant tumors most commonly affecting the sali-
vary glands, but they can also be found in other
anatomical sites, including the breast, lungs, and
prostate [240]. AdCCs provide a clear example
of genotypic–phenotypic correlation, as they
display similar histologic characteristics, irre-
spective of the site of origin, and often harbor the
recurrent t(6, 9)(q22–23;p23–24) translocation
that results in the formation of the MYB–NFIB
fusion gene [188, 240].

The existence of AdCC in the breast has been
questioned, given its morphological similarity
with cribriform carcinoma [241]. In fact, misdi-
agnosis between these two entities is not an
uncommon event. IHC and ultrastructural stud-
ies, however, have proven the existence of true
breast AdCC [16, 240]. AdCCs account for 0.1–
1 % of all breast cancers [16, 241–243] and their
most striking feature is the excellent long-term
prognosis, which is in stark contrast with that of
salivary gland AdCCs or common-type TNBCs
(i.e., IC-NSTs) [240, 241, 243].

At the morphological level AdCCs can feature
a variety of growth patterns, including cribri-
form, trabecular, and solid variants (Fig. 12.7)
[243]. Not uncommonly, single cases display all
growth patterns. A sebaceous differentiation is
found in up to 14 % of cases, and foci of
adenosquamous differentiation may also be
encountered [243, 244]. The proportion of solid
growth has been reported to be clinically mean-
ingful, as Ro et al. [245] have reported tumors
with solid components were more likely to
develop recurrences; however, independent val-
idation of the prognostic impact of this classifi-
cation has yet to be reported. In addition, in the
same cohort, the only patient who experienced
metastases was affected by a high-grade tumor.

Phenotypically, AdCCs display a TN pheno-
type and express basal CKs (CK5/6). Not sur-
prisingly, at the transcriptomic level AdCCs
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share similar gene expression patterns with
metaplastic and medullary carcinomas within the
ER-negative subgroups. From a molecular
standpoint, AdCCs often display the recurrent
chromosomal translocation t(6, 9)(q22–23;p23–
24), which generates a fusion transcript involving
the genes MYB and NFIB [188]. The prevalence
of the MYB–NFIB fusion gene ranges from 23 to
100 % [188, 192, 246–248]. Differences may be
partly explained to sample type (frozen vs.
FFPE) and methodology (FISH vs. PCR), and
the potential inclusion of other mimics of AdCC
(e.g., breast cylindroma) [249]; however, the
clinical significance of this observation remains
unclear. Although a substantial proportion of
AdCCs lack the MYB–NFIB fusion gene, the
majority of MYB–NFIB fusion gene-negative
salivary gland AdCCs likely displays activation
of MYB due to mechanisms other than the t(6, 9)
chromosomal translocation [250].

AdCCs display lower levels of genetic insta-
bility, as defined by gene copy number alter-
ations, than basal-like IC-NSTs [192, 251], as
well as a low mutation rate with a heterogeneous
repertoire of somatic genetic alterations. Muta-
tions affecting TP53 and PIK3CA, and 5q losses
and 8q gains [252, 253], which are frequent in
TNBCs, are not found in breast AdCCs. On the
other hand, AdCCs of the breast were found to
harbor mutations in genes rarely mutated in
basal-like breast cancers, including RASA1,
PTPN11, or BRAF, and recurrent 12q losses.
Importantly, recurrent losses of 12q and somatic
mutations affecting SF3B1, MYB, PRKD1, and
FGFR2 have been documented in salivary gland
AdCCs [250, 254–256]. Taken together, these
results demonstrate that breast AdCCs are more
similar to salivary gland AdCCs than to common
forms of TNBCs. In fact, contrary to common
forms of TNBC, patients with breast AdCCs
have a favorable outcome [16, 187, 240]. Based
on these observations, as also stressed by the St.
Gallen recommendations, although AdCCs are of
TN and basal-like phenotype, a diagnosis of
breast AdCC should not prompt the use of

systemic chemotherapy, given the excellent
prognosis patients with this tumor type have
[140]. In addition, it has been reported that
chemotherapy response rates in patients with
breast AdCCs are low, akin to those observed in
patients with salivary gland AdCCs [257, 258].

12.7.2.11 Exceptionally Rare Types

Acinic Cell Carcinoma
This vanishingly rare special histologic type of
breast cancer (only 39 cases of ACCs have been
described to date) is included in the spectrum of
salivary gland-type tumors of the breast and is
reported to have a favorable outcome [16, 259].
Distant recurrences have been described, but these
are rare and usually related to the presence of a
poorly differentiated invasive component [260–
262]. Metastases from low-grade breast ACCs are
still to be documented.Morphologically, they show
infiltrative microglandular or solid-nest structures
composed of cells with round-to-ovoid nuclei,
discrete nucleoli, and abundant eosinophilic-
to-amphophilic cytoplasm containing small or
coarse Paneth cell-like granules (Fig. 12.7). Areas
of clear cells with hypernephroid appearance may
be present [263]. Phenotypically ACCs are of TN
phenotype and express S100 protein, EMA, and
serous differentiation markers, including amylase,
lysozyme, and alpha 1-antichymotrypsin [264].

A recent genomic characterization has
demonstrated that despite their low-grade and
indolent clinical behavior, ACCs display the car-
dinal genomic features documented in high-grade
forms of TNBC (i.e., high mutational burden,
recurrent TP53 mutations, BRCA1 germline, and
somatic pathogenic mutations, and complex pat-
terns of gene copy number alterations). Further-
more, it has been demonstrated that, at a variance
of AdCC, breast ACC does not resemble salivary
gland ACC at the molecular level [265]. Based on
these observations, breast ACCs are best consid-
ered as part of a spectrum of TNBCs, with
low/minimal metastatic capacity, but with a
potential to progress to high-grade aggressive
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TNBC [266]. In agreement with that, a case report
has described an ACC of the breast in a patient
with a germline BRCA1 mutation [267].

Secretory Carcinoma
This is a rare (<0.15 %) lesion most commonly
found in young patients (median ages: 25). It is
defined as a low-grade invasive carcinoma with a
solid, microcystic, and tubular architecture
composed of cells that produce intracellular and
extracellular secretory material [16]. Cells are
polygonal with granular eosinophilic to foamy
cytoplasm. Nuclei are regular with inconspicuous
nucleoli and mitoses are rare. It typically shows a
TN phenotype. EMA, S100 are frequently
expressed [16].

The vast majority of secretory carcinomas
(>95 %) harbor a recurrent balanced chromoso-
mal translocation t(12, 15)(p13;q25), which leads
to a fusion gene between the ETV6 gene from
chromosome 12 and the NTRK3 gene from
chromosome 15 [189]. This alteration is useful
for differential diagnosis with ACCs.

Sebaceous Carcinoma
Sebaceous carcinoma is defined as an invasive
breast carcinoma with prominent sebaceous dif-
ferentiation in at least 50 % of cells. Lack of
evidence of origin from cutaneous adnexal
sebaceous glands is required [16].

Histologically, it shows a nested structure,
where sebaceous cells with finely vacuolated
cytoplasm intermingle with smaller ovoid to
spindle cells showing eosinophilic cytoplasm
without vacuolization. The nuclei (of both cell
types) are globoid with up to two nucleoli and
mitoses can be numerous. ER, PR, AR, and
HER2 can be expressed [16].

Genetic information on these lesions is cur-
rently unavailable.

Lipid-Rich Carcinoma
Lipid-rich carcinomas account for less than 1 %
of cases, and are defined as an invasive carci-
noma that contains no less than 90 % of cells
with abundant cytoplasmic neutral lipids. Due to
histologic difficulties to prove lipids’ cytoplasmic
accumulation, these special types are classified as

a G3 carcinoma with clear cell features [16].
Tumor cells are positive for EMA, CEA,
alpha-lactoglobulin, lactoferrin, and typically
negative for ER and PR and HER2.

There is no genetic information reported to
date on these lesions.

Glycogen-Rich Carcinoma
Glycogen-rich carcinomas account for about 1–
3 % of all breast carcinomas. A diagnosis of
glycogen-rich carcinoma is reached when >90 %
of neoplastic cells have abundant clear cytoplasm
containing glycogen [16].

Tumor cells display sharply demarcated bor-
ders and polygonal contours. The cytoplasm
contains PAS-positive diastase-labile glycogen.
Hyperchromatic nuclei with clumped chromatin
are typically found. It is an ER-positive carci-
noma in 50 % of cases, but PR is usually nega-
tive and ER-negative/HER2-positive cases have
also been described [16].

There are not genetic data reported on these
carcinomas to date.

Polymorphous Low-Grade Adenocarcinoma
Polymorphous low-grade adenocarcinoma
(PLGA) is a very rare entity, whose true inci-
dence is not known as only three cases have been
reported so far [16]. In a way akin to polymor-
phous low-grade adenocarcinoma of the salivary
glands, this lesion features solid nests surrounded
by alveolar, cribriform, trabecular, and single file
patterns. It is reported to be negative for hormone
receptors and HER2 and to show strong posi-
tivity for Bc12 and faint positivity for E-CAD.
Molecular data on this special type are yet to be
provided; in particular, it remains to be deter-
mined whether PLGAs of the breast would har-
bor the PRKD1 activating hotspot mutation
encoding p.Glu710Asp that has been recently
described in the majority (72.9 %) of PLGAs of
the salivary glands [268].

12.7.2.12 Inflammatory Carcinoma
The definition of this form of breast cancer is based
on a distinct clinical presentation, i.e., edema,
redness, warmth, and tenderness of the skin of the
affected breast (the so-called “peau d’orange”),
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which is believed to be due to lymphatic obstruc-
tion from an underlying carcinoma [16]. Dermal
lymphatic invasion without the typical clinical
presentation does not fulfill the definition of
inflammatory carcinoma (Fig. 12.10); on the other
hand, dermal lymphatic invasion is not needed for
defining and staging (T4d) a case as inflammatory
carcinoma. The adjective “inflammatory” to define
this lesion may be misleading, as no particular
degree of inflammatory cell infiltration is observed
in these carcinomas. The cutaneous signs are the
epiphenomenon of a massive neoplastic
embolization of the lymphatic vessels in the derma.
The underlying carcinoma is not reported to have
particular features, but usually is a G3 IC-NSTs.

Little is known about the molecular pathology
of these lesions, which are classified as T4d and
more frequently ER and HER2 negative than
other IC-NSTs and definitely represent a chal-
lenge for clinical management.

In the last two years, there have been reports
about detection of ALK gene alterations (mainly
amplification) in inflammatory carcinomas,
leading to possible new therapeutic interventions
for this challenging entity. However, it should be
noted that the range of copy number threshold for
amplification was relatively low with the large
majority showing 3–4 copies [269]. Subsequent
studies have provided indirect evidence that
these results may stem from polysomy of chro-
mosome 2 rather than a true ALK gene amplifi-
cation [270, 271]. Finally, a recent study has

identified clinically relevant genomic alterations,
where those were defined as genomic alterations
associated with label-targeted therapies and tar-
geted therapies in mechanism-driven clinical tri-
als. The most frequently altered genes were TP53
(62 %), MYC (32 %), PIK3CA (28 %), ERBB2
(26 %), FGFR1 (17 %), BRCA2 (15 %), and
PTEN (15 %). In the TNBC subset of inflam-
matory breast carcinoma, 8/19 (42 %) showed
MYC amplification as compared to 9/32 (28 %)
in non-TNBC inflammatory breast carcinoma
[272].

12.8 Histologic Grading
and Staging

Histologic grading, a measure of the differentia-
tion of the lesion, is a central evaluation for each
newly diagnosed breast cancer, since it is an
independent prognostic factor and correlates with
response to chemotherapy [273]. According to
the system proposed by Elston and Ellis in 1991
[167] the percentage of tubule formation, the
number of mitosis, and the degree of nuclear
pleomorphism are routinely examined
(Table 12.5): a score from 1 to 3 is assigned to
each feature, thus leading to a final value that
according to the three-tiered system equates to
grade 1 (well differentiated), grade 2 (intermedi-
ately differentiated), and grade 3 (poorly differ-
entiated) (Table 12.5). Of all histologic features,

Fig. 12.10 Inflammatory breast carcinoma
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grade best reflects the complexity, pattern and
type of molecular genetic changes found in breast
cancer [24, 274, 275]. Several groups have
independently shown that grade 1 and grade 3
invasive breast cancers have different transcrip-
tomes and patterns of genetic aberrations [64,
274–277]. Grade 1 tumors are characterized at the
transcriptomic level by high levels of ER
expression and ER pathway activation and low
levels of proliferation [278, 279]. CGH and
aCGH studies have demonstrated that these can-
cers harbor recurrent losses of 16q and gains of 1q
and 16p [24, 65, 274, 280], which often stem
from an unbalanced chromosomal translocation
involving chromosomes 1 and 16 [281, 282]. On
the other hand, grade 3 lesions display varying
levels of ER expression and ER pathway activa-
tion, high levels of proliferation, and complex
karyotypes. Concurrent deletions of 16q and
gains of 1q and 16p, however, are only seen in
approximately half of ER-positive G3 cancers
[65, 276, 278, 279], indicating that progression
from G1 to G3 cancers occur within ER-positive
tumors. Conversely, progression from
ER-positive G1 to ER-negative G3 tumors is an
unlikely biological phenomenon [65, 276].

Additional morphological features holding an
important prognostic value are represented by
two elements of the pTNM staging, namely size
and lymph node status, which stresses the
importance of proper staging in everyday

practice. There is some evidence that tumor size
may not be that relevant in the context of TNBCs
[283, 284], however, within the
ER-positive/HER2-negative tumors, tumor bur-
den is a significant prognostic factor which
remains independent of the proliferation-based
gene expression signatures [285, 286]. Staging
can be particularly troublesome in specimens
following neoadjuvant chemotherapy, as assess-
ment of residual disease is not trivial especially
when the tumor lesion is no longer macroscopi-
cally evident. Description of specimen handling
is beyond the scope of this chapter; however,
readers are encouraged to refer to recent reviews
that have defined operational procedures to best
handle these specimens [287, 288].

12.9 Immunohistochemistry
and Molecular
Techniques in Breast
Pathology

12.9.1 Immunohistochemistry

In breast cancer diagnostic pathology, IHC is an
important ancillary tool. In the previous para-
graphs, we have touched on the use of
E-cadherin to distinguish ductal from lobular
lesions, on the employment of ER and CK5/6 to
differentiate UDH from ADH and on the use of

Table 12.5 Histologic grading system for invasive breast cancer

Score 1 Score 2 Score 3 G

Tubule formation: % of
luminal structures with
polarized epithelial cells

>75 % 10–75 % <10 % G1[3–5]
G2[6, 7]
G3[8, 9]

Nuclear pleomorphism:
evaluated in the area where it
is worse

Nuclei non significantly
different from those of normal
breast, uniform and regular in
size and shape; uniform
chromatin

Variability
in shape and
size;
nucleoli
present

Marked variability in
shape and size,
possible bizarre
nuclei; prominent
nucleoli

Mitotic count:
depending on the
diameter of the
microscopic field

0.46 mm ≤5 6–11 ≥12

0.50 mm ≤6 7–13 ≥14

0.55 mm ≤8 9–16 ≥17

Score for mitotic count depends on the number of mitoses and on the diameter of the microscopic field; here reported
three different microscopic fields as an example
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myoepithelial markers to ascertain the lack of the
myoepithelial cell layer in challenging lesions,
such as scleroelastotic lesions, in particular on
presurgical diagnostic setting (core biopsy
material). Another scenario in which IHC is
frequently applied is the diagnosis of microin-
vasion in specimens showing large DCIS lesions,
typically featuring also an intense inflammatory
infiltrate around the ducts (suspicious for inva-
sion) but without clear morphological signs of
infiltration of the surrounding stromal tissue. In
this scenario, a simple pan-cytokeratin such as
AE1/AE3 can be employed that may highlight
single cell permeation of the surrounding stroma.
Likewise, based on the observation that HER2 is
positive in up to 40 % of DCIS lesions and at a
much higher frequency in high-grade than
low-grade DCIS [289], HER2 immunostaining
may be of some help in this scenario.

The major role played by IHC, however, is
related to the definition of prognosis (prognosti-
cation beyond H&E) and prediction of response
to therapy. It is indeed a companion test for tar-
gets of drugs currently validated for clinical use
[290]. At present four markers represent the
cornerstone of such an assessment. ER and PR are
evaluated by using clinically validated antibodies
and positivity predicts response to endocrine
treatments (tamoxifen and aromatase inhibitors)
[291]. Guidelines recommend reporting the per-
centage of positive cells as well as the intensity
[291]. Percentage of positive cells has been
shown to correlate with likely degree of response
to treatment [292]. ASCO/CAP recommendations
have set a 1 % cut-off to define positivity for ER
and PR. These guidelines notwithstanding, how
breast cancers displaying 1–9 % of positive cells
should be classified remains a matter of debate.
Gene expression data shows that breast cancers
with 1–9 % ER-positive cells constitute a
heterogeneous group, and >50 % of them may be
classified as nonluminal by gene expression pro-
filing [293, 294].

Since the first description of its overexpres-
sion in breast carcinomas in the 90’s, HER2 has
dramatically changed the natural history of a
fraction of breast cancer, which is esteemed to be
around 10–15 % [290, 295]. Overexpression is

measured based on intensity and completeness of
membrane staining as well as on percentage of
positive cells. The 4-tier scoring system (from
score 0 to 3+) categorizes samples into negative
(score 0 and 1+), positive (score 3+), and
equivocal (score 2+) (Fig. 12.11) [220]. If the
clinical decision is crystal clear in the first two
scenarios (anti-HER2 therapy for the positive

Fig. 12.11 Evaluation of HER2 overexpression by
immunohistochemistry (a score 3+; b score 2+; c score 1+)
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cases), the latter should undergo ISH testing for
evaluation of the HER2 gene status (see below)
[220, 296].

At present several therapeutic options are
available, spanning from monoclonal antibodies
(trastuzumab and pertuzumab) to tyrosine kynase
inhibitors (lapatinib) and new compounds that
couple a monoclonal antibody to chemothera-
peutic agents (e.g., TDM1). In this respect, the
role of pathologists in the definition of the right
candidate to targeted treatment is emphasized,
given that the administration of chemotherapy
would utterly depend on proper evaluation of
HER2 positivity [290, 295].

The last prognostic and predictive marker that
is routinely tested at most institutions in IHC is
Ki67, an antigen expressed by cells in any phase
of the cycle but G0. Ki67, however, is much less
validated than ER, PR, and HER2, its analytical
validity is still under consideration and it is not
mandatory for all invasive breast cancers. For
instance, some institutions have decided not to
include it in their minimal dataset, neither to
score outside Ki67 slides. Ki67 is a proliferation
marker and has been proven prognostic and
predictive of pathological complete response
after neoadjuvant chemotherapy, in particular
within ER-positive cancers [297–299]. Scoring
recommendations are on record [300] though of
difficult and time-consuming implementation
[301]. Ki67 index intratumor heterogeneity
occurs, posing additional difficulties for its
interpretation and use in core biopsies as a pre-
dictive factor of benefit from neoadjuvant
chemotherapy. Some international studies have
demonstrated poor interlaboratory concordance,
in particular for locally-stained slides [299].
Concordance was improved after a web-based
methodological training, but the study was per-
formed using tissue microarrays [301]. Thus, it is
very likely that the use of full sections as in
clinical practice would add another variable and
decrease the interpathologist agreement.

A final remark about proper IHC assessment
should be made about the so-called
“pre-analytical phase.” Since biomarker analysis
dictates whether or not the patients will be
deemed suitable to a potentially life-saving

treatment, it is not surprising that ASCO/CAP
guidelines for both hormone receptors and HER2
assays stress the importance of preanalytical
conditions to guarantee reliable results for best
treatment planning [220, 291]. A great source of
variability is represented by fixation, in terms of
type of fixative, time to fixation, and duration of
the whole process from start to end. Over the past
few years time to fixation, aka “cold ischemia
time,” has received a great deal of attention and it
has been show how deleterious can be the effect
on breast cancer patient management [295, 302].
Guidelines recommend ensuring that time to
fixation and time in fixative are recorded and
considered in defining the test result: the time
from removal from the patient to incision of the
specimen should be as short as possible (ideally
no longer than one hour) and time in fixative
should be ranging between to 6 and 72 h [220,
291]. Excessive delay from tissue collection to
the initiation of formalin fixation (60–120 min)
has been reported to impact adversely on the
analysis of both hormone receptors and
HER2 IHC and ISH testing. As a consequence,
due to loss of staining or hybridization signal
intensity may intervene and tumors with exces-
sive cold ischemic times may give false negative
results. In terms of duration of tissue fixation, the
immune-reactivity for ER, PR, and HER2 seems
to be reduced by very long, extended formalin
overfixation. Participation to quality controls
may definitely help improve both the preanalyt-
ical phase as well as the analytical phase, which
may suffer from subjectivity and partly overlaps
with a matter of interpretation.

12.9.2 In Situ Hybridization

One of the molecular techniques that have
become part of our diagnostic armamentarium is
ISH. It has gained a lot of success since the very
beginning because it allows visualization of
genes on a glass slide [141], thus allowing for
semi-quantitative assessment of gains, losses and
amplifications directly on tissue sections. Three
methods of ISH have been introduced in breast
pathology: FISH, chromogenic ISH (CISH), and
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silver ISH (SISH). ISH tests, either in dark or in
bright field can be performed with a single color
probe (gene probe) or with a dual-color probe
(probes for the gene and the centromere of the
corresponding chromosome).

In diagnostic breast pathology, ISH is mainly
used for HER2 testing; however, ISH can also be
employed to look for amplification of other
oncogenes that have emerged as prognostic or
predictive markers (e.g., MYC, TOP2A, and
CCND1) or potential therapeutic targets (such as
FGFR1) [303]. In addition, as seen in diagnostic
hematopathology and soft tissue pathology,
FISH has also found its use as a diagnostic tool
in breast pathology: as discussed above, secre-
tory carcinoma harbors a recurrent balanced
chromosomal translocation t(12;15)(p13;q25),
which leads to a fusion gene between the ETV6
gene from chromosome 12 and the NTRK3 gene
from chromosome 15 [189] and adenoid cystic
carcinomas harbor the recurrent t(6;9)(q22–23;
p23–24) translocation that results in the forma-
tion of the MYB–NFIB fusion gene [188].

For HER2 gene assessment, FISH (Fig.
12.12), CISH, and SISH are all FDA-approved
and can be employed in routine practice. ISH can
be used as a first line test or as a second level
approach. In the latter scenario, it is applied to
score 2+ carcinomas (carcinomas with equivocal
HER2 overexpression) [220, 296].

Over the past few years assessment of HER2
gene amplification by ISH testing has undergone
several changes. Following the demonstration of
the phenomenon of chromosome 17 centromere
(CEP17) amplification [304], independently val-
idated by several groups [295, 305–307] we have
come to terms that true chromosome 17 (Chr17)
polysomy is quite a rare event and whenever an
abnormal number of CEP17 is encountered this
is most likely to be due to high level gains or
amplification of the centromeric region of Chr17.
This has lead to a paradigm shift in the way we
score ISH results when adopting a dual-color
probe. The recently updated ASCO/CAP guide-
lines have taken into account this issue and
changed the scoring system accordingly by
introducing the so-called “ISH algorithm,” which
first calculates the HER2/CEP17 ratio followed
by analysis of the HER2 copy number [220]
(Table 12.6). This has allowed HER2 gene
amplification not to be underestimated in a subset
of tumors showing high HER2 copy numbers
together with CEP17 gain or amplification. On
the other hand, a big debate is currently ongoing
about the possibility to score as “ISH positive”
cases showing a HER2/CEP17 ratio <2 and mean
HER2 copy number <4 [296, 308]. This rare
scenario typically occurs in tumors harboring
monosomy of Chr17 that easily leads to ratio
values >2 despite a not high absolute HER2 copy
number (mean of 2 or 3) [296, 309].

Fig. 12.12 HER2 evaluation by FISH (a homogeneous population of HER2 amplified cells; b heterogeneous HER2
amplification, rhomboidal symbols identify amplified cells)
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The rationale for the panelist to include these
cases as positive resides in the first generation
trials of adjuvant trastuzumab, where patients
with a HER2/CEP17 >2 (i.e., regardless of HER2
copy number) were deemed suitable to
anti-HER2 treatment and these included also a
minority of cases with low (<4) HER2 copy
number. It should be noted, however, that a head
to head comparison between patients with HER2
copy number >4 and <4, respectively, was not
performed [290]. Of note, cases with copy
number less than 4 would be considered negative
if a single ISH assay were employed [220].

Another potential pitfall in ISH testing is
encountered during retesting after neoadjuvant
treatment. Occasionally, some carcinomas may
show giant syncytial multinucleated-looking
cells that can have a very high number of

HER2 signals scattered within a background of
negative cells. These ISH findings are most likely
to be due to a polyploidy status induced by
chemotherapy rather than to a focal amplification
of the HER2 locus, as confirmed by the presence
of additional copies of CEP17 as well as many
regions in other chromosomes [310]. These
findings should not be misinterpreted as hetero-
geneous HER2 amplification (Fig. 12.13).

Finally, HER2 intratumor heterogeneity
(Fig. 12.12), a well-documented phenomenon in
breast cancer [311–314] poses considerable inter-
pretational challenges [295, 296, 312].ASCO/CAP
guidelines [220] define as significant only spatially
clustered heterogeneity; however, scattered HER2-
amplified cells, although of unknown clinical rel-
evance, aremore frequent [296] and usually present
a source of interobserver disagreement.

Table 12.6 Summary of HER2 gene scoring by in situ hybridization (ISH) according to ASCO/CAP 2013

ASCO/CAP 2013 Results

Probe Scoring
method

Positive Equivocal Negative

Dual-color ISH
algorithm

(a) HER2/CEP17 ratio ≥2,
regardless of HER2 copy
number

(b) HER2/CEP17 <2 but
HER2 copy number ≥6

HER2/CEP17 <2 with
HER2 copy number ≥4
and <6

HER2/CEP17 <2
with HER2 copy
number <4

Single-color HER2
copy
number

≥6 ≥4 and <6 <4

Fig. 12.13 FISH for HER2/CEP17 and EGFR/CEP7 in
a surgical sample post neoadjuvant treatment (a H&E;
b HER2/CEP17, rhomboidal symbols identify syncytial
cells with a high number of signals, arrows indicate

neoplastic cells with 2–3 signals; c EGFR/CEP7, syncy-
tial cells with a high number of signals are evident in the
middle, arrows indicate neoplastic cells with 2–3 signals)
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12.9.3 Gene Expression
Signatures

In addition to the unraveling of breast cancer
complexity due to heterogeneity, microarray-
based technologies have contributed the devel-
opment of gene expression prognostic signatures
and at present many commercial molecular tests
are available (Table 12.7). Indeed, Oncotype DX
[315], Mammaprint [316, 317], Breast Cancer
Index (BCI) [318], PAM50 ROR/Prosigna [146],
and EndoPredict [319], have been implemented in
the clinical setting, at least in the subset of

ER-positive disease where they provide indepen-
dent prognostic information [286, 320]. The
prognostic value offered by these proliferation-
based prognostic signatures is complementary to
that of classical clinicopathologic parameters
[321] and these tests help physicians decide which
patients could be spared from chemotherapy [320,
322]. It should be noted, however, that pair-wise
agreement for individual patients between differ-
ent commercial tests is suboptimal [323]. The
UK OPTIMA-Prelim trial has showed that
although there is a modest agreement between
tests when dichotomizing results between high

Table 12.7 Some of the most used commercially available genomic prognostic signatures

Test and company Type of
specimen
required

Type of methodology Output Level I
evidence

MammaPrint® by Agendia BV,
Amsterdam, Netherlands

Originally
fresh-frozen,
possible also
on FFPE

Microarray-based gene
expression profiling (70
genes)

Two risk categories
Risk of developing
metastasis at
10 years
– Low
– High

N

OncotypeDXTM by Genomic
Health Inc., Redwood City, CA,
USA

Either
fresh-frozen
or FFPE
tissue

qRT-PCR
(21 genes)

Recurrence score
(RS) Risk of 10-year
distant recurrence
– Low
– Intermediate
– High

Y

Breast Cancer IndexSM by
Biotheranostics, San Diego,
USA

Either
fresh-frozen
or FFPE
tissue

qRT-PCR (measures the
expression of H/I, MGI and
four normalization genes)

BCI score
Risk of early and
late distant
recurrence
– Low
– Intermediate
– High

N

*Endopredict by Sividon
Diagnostics GmbH, Cologne,
Germany

FFPE tissue qRT-PCR
(8 genes of interest related to
proliferation or ESR1
pathway + 3 normalization
genes)

EP risk score
Risk of recurrence at
10 years (low risk:
<9 % or recurrence
at 10 years)
– Low
– High

Y

*Prosigna™ Breast Cancer
Prognostic Gene Signature
Assay by NanoString
Technologies Inc., Seattle, WA,
USA

FFPE tissue NanoString (multiplexed
measurement of expression of
50 genes, based on the
PAM50 gene signature)

ROR score
Risk of recurrence
– Low
– Intermediate
– High

Y

Legend: *Indicates those that can be performed in house; FFPE formalin-fixed paraffin-embedded; H/I: HOXB13:
IL17R ratio (Ma XJ et al., Cancer Cell 2004); MGI molecular grade index; RT-PCR reverse-transcriptase polymerase
chain reaction
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versus low/intermediate grade risk, disagreement
between different tests in assigning individual
tumors to risk categories is not uncommon: up to
52 % of tumors were indeed assigned to different
risk categories by different tests [324].

The prognosis of ER-negative disease has
been recently associated with the expression of
immune-related genes [325] and prognostic sig-
natures linked to genes involved in immune,
inflammatory, and/or chemokine pathways have
been developed for ER–negative/TNBCs
(STAT1 cluster [285], the IFN cluster [143],
the IR-7 [325, 326], the Buck-14 [327], TN-45
[261], and a B-cell/IL-8 metagene ratio [328]).
An immune-based signature has also been
described for HER2-positive disease to predict
benefit from trastuzumab [329]. Nevertheless,
until appropriate clinical validation takes place
and a better alternative for systemic treatment of
patients with HER2-positive and TN tumors is
developed, the clinical utility of those
second-generation signatures (i.e., unrelated to
proliferation) will remain negligible.

12.9.4 Lessons from Massively
Parallel Sequencing
in Brief

The advent of massively parallel sequencing
(MPS) has allowed characterization of breast
cancer genomes at base-pair resolution increasing
dramatically the complexity of intertumor
heterogeneity. The TCGA project [166] has ana-
lyzed by several high-throughput platforms a
large series of breast cancer patients (825 in total)
and an integrative semi-supervised clustering
analysis including data of MPS, copy number and
gene expression analyses (507 patients) revealed
four major subgroups which to some extent cor-
relate with luminal A and B, HER2-enriched
and basal-like PAM50-defined molecular
subtypes. Importantly, however, although the
PAM50-defined subtypes display distinct reper-
toires of somatic mutations, there is no highly
recurrent gene or highly recurrent mutation that
defines each subtype [45]. The average of somatic
mutations in breast cancer is comprised between

1.02 and 1.66 per Mb in coding regions [166,
252, 330–332], thus resulting in a mean of 56.9
(range 5–374) somatic mutations per cancer
[333]. Such frequencies are fairly similar to those
of ovarian or renal clear cell carcinomas,
but lower than those of bladder urothelial
(8.03 somatic mutations/Mb) or lung squamous
cell carcinoma (9.92 somatic mutations/Mb)
[333].

The genes significantly affected by mutations
included genes and pathways known to be
aberrant in breast cancers, such as TP53 or the
PI3K pathway (i.e., PIK3CA, PTEN, and AKT1)
but also genes of functional or cellular processes
previously not considered to be major determi-
nants of breast cancer biology, including the
MAPK/JNK signaling (i.e., MAP3K1, MAP2K4,
and NF1), transcription factors and regulators
(i.e., GATA3, RUNX1, and CBFB), splicing fac-
tors (i.e., SF3B1), and chromatin remodelers (i.e.,
MLL3, ARID1A) [166, 333, 334].

These analyses have also showed that the first
hopes to find a short list of highly recurrently
mutated genes have been largely unattended and
indeed only TP53, PIK3CA, and GATA3 were
found to be mutated in >10 % of unselected
breast carcinomas. The remaining genes are
actually mutated in less than 7.7 % of cases, with
a very long list of genes mutated in less than 1 %
of cases [166, 330–334]. Finally, although the
list of significantly mutated genes may vary in
different studies mostly due to case selection and
methods employed, a set of genes composed of
PIK3CA, TP53, GATA3, MAP3K1, AKT1, and
CBFB genes is quite constant [166, 330, 333,
334] and these are likely to be the drivers of the
disease. In the landscape of genes that appear to
be mutated at low frequencies, there are some
that may be clinically relevant, such as for
instance AKT1, NF1, ESR1, and HER2, as these
are potential therapeutic targets and/or drivers of
resistance to known therapies. Somatic ESR1
mutations have been detected at a much higher
frequency in the metastases of breast cancer
patients previously treated with aromatase inhi-
bitors than in primary tumors [335–338]. HER2
mutations have been initially described in
ER-positive carcinomas with low levels of HER2
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(score 0, score 1+, score 2+ without gene
amplification) [339] with an enrichment (up to
23 %) in ILCs [201] and pleomorphic ILCs
[199]. The TCGA study of ILCs has found a 4 %
of HER2 mutations, which is in line with that of
PAM50-defined luminal carcinomas (cbioportal,
queried Nov 7th 2015). In addition, data on
HER2 mutations in trastuzumab-treated (i.e.,
HER2-positive) patients [340, 341] and in breast
cancers with HER2 heterogeneous gene amplifi-
cation [313] have been recently reported.

12.10 The Genetics of Hereditary
Breast Cancer

Hereditary breast cancer accounts for ≤10 % of
breast cancers, half of which are due to germline
mutations in two high-penetrance genes: BRCA1
and BRCA2 [342]. Pathogenic germline muta-
tions in BRCA1 or BRCA2 genes are associated
with high risk of development of breast and
ovarian cancer [343]. Inactivation of the wild
type allele is found in most breast cancers
developing in BRCA germline mutation carriers,
and most likely this is needed for their complete
functional deficiency, which leads to a DNA
repair defect and oncogenic properties [141].

Selection of individuals with familial breast
cancer for genetic testing is difficult and based on
strong family history, young age, and other
clinical and familial characteristics depending on
the model adopted [141]; however, it should be
noted that these models have been shown to have
suboptimal specificity (25–30 %) [344].

BRCA1 tumors display characteristic mor-
phological features [343], i.e., they are more
frequently of nonspecial type with medullary
features, of grade 3, and more often display
pushing borders, brisk lymphocytic infiltrate and
necrosis when compared to grade-matched con-
trols and tumors arising in BRCA2 mutation
carriers [343]. Most BRCA1 cancers are of TN
phenotype and express basal makers [157].
Conversely, differences between BRCA2 cancers

and grade-matched controls are not as conspic-
uous. BRCA2 cancers seem to be more often of
high histologic grade and have pushing borders
than matched controls [343], but are more fre-
quently ER-positive despite the higher frequency
of higher histologic grade [345]. In addition,
these tumors have been found to be more often
invasive lobular, pleomorphic lobular, tubular,
and cribriform histologic types than sporadic
controls in one study [343].

Based on these data, it is not surprising that if
morphological features of BRCA2 cancers are of
limited help in identifying patients to be screened
for mutations, histopathologic models to predict
BRCA1 germline mutations have been devel-
oped. Farshid et al. have proposed a system
based on ER, PR, and the above morphological
features of BRCA1 tumors. It has similar sensi-
tivity when compared to clinical models, but
much higher specificity (86 %) and positive and
negative predictive values (61 and 98 %,
respectively) [344]. Of note, BRCA1 tumors
share also similarities with sporadic basal-like
breast cancers [157] and it has been demon-
strated that the BRCA1 pathway is dysfunctional
in most sporadic basal-like cancers [158].
An IHC predictor of BRCA1 germline mutation
using ER and CK5/6 has been shown to have a
sensitivity of 56 %, a specificity of 87 %, and
positive and negative predictive values of 28 and
99 %, respectively [346]. It should be noted
though that the association between tumors of
TN phenotype and negative for basal CKs still
holds true.

The knowledge of the phenotype and patho-
logical characteristics of BRCA cancers is also
important with respect to therapeutic options.
Targeted therapies addressing one of the defining
features of BRCA cancers have been developed:
inactivation of BRCA1 or BRCA2 leads to defi-
ciency in homologous recombination repair
(HR) of DNA double-strand breaks and inter-
strand crosslinks. It is not surprising that these
tumors are often sensitive to crosslinking agents
(e.g., platinum salts) [347], given that platinum
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salts generate interstrand cross-links that can
only be adequately repaired by HR-based DNA
repair. In addition, BRCA cancers have an
exquisite sensitivity to PARP enzyme inhibitors.
These agents block one of the alternative mech-
anisms of DNA repair (i.e., base excision repair).
In cells deficient in HR repair, the inhibition of
base excision repair has been shown to result in
dramatic levels of chromosomal instability, cell
cycle arrest, and subsequent apoptosis [149].
Objective clinical responses for PARP inhibitors
in clinical trials have been seen in patients with
BRCA1 and BRCA2 mutated cancers [347].

PALB2 (Partner And Localizer of BRCA2) has
been recognized as a breast cancer predisposition
gene, given that PALB2 loss of function germline
mutations confer a high risk of breast cancer
development [348], probably similar risk to that
conferred by BRCA2 mutations. Of note, the loss
of function caused by PALB2 mutations is asso-
ciated with sensitivity to platinum salts/PARP
inhibitors in preclinical models. These mutations
account for approximately 2.4 % of the breast
cancer familial aggregation and PALB2 should be
added to genetic testing for BRCA1/BRCA2. Some
issues remain still to be addressed, such as the
proper evaluation of risk of male breast cancer,
ovarian and pancreatic cancer, and the prevalence
of PALB2 mutation in different populations.

12.11 Fibroepithelial Lesions

Fibroepithelial lesions of the breast are a
heterogeneous group of biphasic neoplasms
composed of epithelial and stromal components
in a typical architecture. Fibroadenoma and
phyllodes tumors (PTs) represent the major
entities. The stromal component has been shown
to be the neoplastic component of these lesions
and is thought to originate from the specialized
breast stromal cells of TDLUs. This is partly
supported by the expression of CD34 in these
cells and the mesenchymal component of these
tumors. Notably, hotspot mutations in exon 2 of
MED12 gene are likely to be the founder genetic
event both in fibroadenomas and PTs. Due to
histologic overlap, differentiation between

fibroadenomas and PTs, in particular benign PTs
in core biopsies, can represent a diagnostic
challenge. As discussed below, novel molecular
findings may assist in this setting.

12.11.1 Fibroadenoma

Fibroadenoma is a common benign biphasic
tumor, well-circumscribed grossly and at imag-
ing, occurring most frequently in women of
childbearing age, especially those of <30 years
[16]. It may occur, however, at any age; indeed,
one study described a second peak incidence in
the late 40s to early 50s [349]. They present
typically as a solitary, firm, and slow-growing
nodules, but synchronous or metachronous mul-
tifocal lesions are not uncommon.

Histologically, fibroadenomas are composed
of bland stromal cells with no/rare mitotic figures
admixed with benign epithelium in pericanalic-
ular (stromal cells proliferate around rounded
ducts) and/or intracanalicular patterns (prolifer-
ating stromal cells compress the ducts into
clefts). Focal or diffuse hypercellularity may
occur (cellular fibroadenomas), in particular in
young patients (so-called “juvenile fibrodeno-
mas”). Importantly, the proliferation rate of
stromal cells should be low; some authors have
set a cut-off of two mitoses in 10 high power field
[350]. Higher mitotic activity may be found in
young and pregnant patients [16]. The stroma
may undergo morphological changes such as
mixoid degeneration and hyalinization with
dystrophic calcification. The epithelial compo-
nent may be involved by atypical hyperplasia and
in situ carcinomas; when the latter does not
extend to surrounding breast parenchyma, the
relative risk of subsequent carcinoma is appar-
ently not increased [351].

Whole exome sequencing of fibroadenomas
followed by a validation in a larger series (total
n = 98) revealed hotspot exon 2 MED12 muta-
tions in 59 % of cases [352], with a mutational
spectrum similar to that of uterine leiomyomas
[353]. Therefore, it has been hypothesized that
MED12 mutations may promote tumorigenesis
in association with estrogen stimulation.
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Fibroadenomas were not found to display addi-
tional recurrent mutations [352].

Fibroadenomas are considered lesions of
limited growth potential and are adequately
treated by local resection or radiologic follow-up.
Progression from fibroadenomas to PTs is a
controversial topic; there is molecular evidence,
however, that this phenomenon may happen
[354, 355].

12.11.2 Phyllodes Tumor

Phyllodes tumors (PTs) are rare fibroepithelial
lesions characterized by a proliferation of stromal
cells with varying degree of cellularity, atypia
and proliferation, resulting in the formation of
leaf-like projections protruding into cleft-like or
cystically-dilated spaces lined by benign epithe-
lium [16]. PTs bear resemblance to intracanalic-
ular fibroadenomas, in particular those with
hypercellular stroma. According to a variety of
histologic features, PTs are classified as benign,
borderline or malignant. Local recurrences may
occur regardless of grade, and are strongly
associated with positive surgical margins in
lumpectomy specimens [356]. Overall, approxi-
mately 29 % of malignant PTs display metastatic
behavior; distant metastases have been docu-
mented in 2–3 % and up to 11 % of benign PT
and borderline PTs, respectively [357–359].

Clinically, PTs usually present as single and
firm breast mass, which may be rapidly growing
and large (>10 cm). Multifocal lesions are rare.
Grossly, PTs are well circumscribed, but satellite
nodules may be present, while microscopically
borders may be infiltrative.

Grading is based on stromal cellularity,
nuclear pleomorphism and mitotic rate, borders,
and presence of stromal overgrowth and/or
heterologous components. Briefly, benign PTs
are usually of moderate cellularity, low nuclear
pleomorphism and display mitotic rate of <5/10
high power fields and well-defined borders.
Malignant PTs are usually highly cellular and
pleomorphic, have a high mitotic rate (>10/10
high power fields), infiltrative borders, stromal
expansion, and may show heterologous stromal

components. Borderline PTs display some, but
do not fulfill all criteria for malignancy.

As fibroadenomas, PTs are characterized by
highly recurrent exon 2 MED12 mutations [360–
363], which seem to be more prevalent in benign
than in malignant cases [361, 362, 364]. In
contrast, alterations in bona fide cancer genes,
such as TP53 and RB1, are found only in bor-
derline and malignant samples [363, 365]. Of
note, TERT hotspot promoter mutations and/or
TERT gene amplification have been found in up
to 65 % of cases [363, 366], and, at a variance
with MED12 mutations, seem to be more
prevalent in malignant (68 %) than in benign
(18 %) PTs [363]. In addition, TERT genetic
alterations were extremely rare [366] or not
found in fibroadenomas [363]. Therefore, it has
been suggested that TERT hotspot promoter
mutations and/or TERT gene amplification may
drive the progression of PTs [363, 366].

Additionally, testing for TERT genetic chan-
ges may help in the differential diagnosis
between benign PTs and cellular fibroadenomas,
which remains a diagnostic issue with important
surgical implications. Due to their tendency for
local recurrence, PTs (including those classified
as benign) are treated with surgical excision with
clear margins, whereas fibroadenomas may be
followed-up. These molecular tests display an
excellent positive predictive factor for PT
(*100 %), but it should be pointed out that the
negative predictive factor is suboptimal.

Treatment of metastatic lesions from PTs has
limited options, as PTs tend to be resistant to
available systemic therapies. Nevertheless,
malignant PTs were found to harbor mutations in
actionable genes, such as PIK3CA, ERBB2, and
ERBB3 [363, 365]. Therefore, genetic profiling
of malignant PTs may assist in the identification
of targeted therapies for patients with this locally
aggressive and potentially metastatic tumor type.

12.12 Summary

In this chapter, we have discussed the basics
about development of the mammary gland, its
anatomy and physiology, which are instrumental
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to understand the breast pathological features.
The chapter mainly focused on epithelial lesions,
including risk indicators, preinvasive lesions, and
invasive carcinomas. The sections provided the
basics about morphology and the most recent
findings about molecular pathology of each
entity. At the end, an overview of fibroepithelial
lesion is provided, given the recently described
molecular findings associated to these lesions.
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13Epidemiology of Ovarian
and Endometrial Cancers

Kathryn L. Terry and Stacey A. Missmer

13.1 Clinical Picture of the Disease

13.1.1 Overview

Approximately 20,000 women in the United
States (U.S.) and 125,000 worldwide die annu-
ally of ovarian cancer [1, 2]. While ovarian
cancer is relatively rare, compared to other types
of cancer, it is deadly with less than half of
women diagnosed surviving for 5 years [1]. In
contrast, endometrial cancer is the most common
gynecologic malignancy in the U.S. [3], but is
frequently detected at early stage due to post-
menopausal bleeding. Consequently, endometrial
cancer survival is much better with 82 % sur-
viving 5 years [1].

Since about 90 % of ovarian tumors are
epithelial in origin, the focus of this chapter will
be epithelial tumors. However, even within
epithelial ovarian cancer there are a wide range
of ovarian cancer subtypes that likely arise from
distinct etiologic pathways; therefore, the epi-
demiology of ovarian cancer needs to be viewed
with an eye toward differences that may exist by
ovarian cancer subtypes which are best defined
by histology (serous, endometrioid, clear cell,

mucinous) and grade (low grade, high grade).
Histologic subtypes of ovarian cancer differ in
their pathologic appearance and generally do not
resemble the ovarian surface epithelium, which
had been the presumed source of all epithelial
ovarian tumors [4]. Recent findings, most nota-
bly evidence of frequent fallopian tube cancers in
women with ovarian cancer or at high risk for
ovarian cancer [5–7], have led to a paradigm shift
in ovarian cancer research in which some ovarian
tumors are thought to arise from non-ovarian
origins like the fallopian tube for serous tumors,
endometrial tissue for endometrioid and clear cell
tumors, and possibly gastrointestinal origins for
mucinous tumors (reviewed in [8, 9]).

Similarly, endometrial cancer has different
subtypes that have different etiologic pathways.
Traditionally, endometrial cancer was classified
into two major subtypes—Type I, which is ser-
ous and is related to excess estrogen, and
accounts for 80 % of the cases and Type II,
which includes a much broader range of histo-
logic subtypes. However, recent analyses by The
Cancer Genome Atlas (TCGA) Research Net-
work, including genomic, transcriptomic, and
proteomic characterization of 373 endometrial
cancers, identified four subtypes (POLE ultra-
mutated, microsatellite instability hypermutated,
copy number low, and copy number high) [10].
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13.1.2 Ovarian Cancer

13.1.2.1 Symptoms
Ovarian cancer is known as the “silent killer” due
to its ambiguous symptoms until disease is at an
advanced stage [11–13]. However, most women
with ovarian cancer experience symptoms before
diagnosis. In fact, a meta-analysis of existing
studies shows that less than 10 % of women with
ovarian cancer report having no symptoms at the
time of diagnosis [14]. The proportion of
asymptomatic women with ovarian cancer is
slightly higher when documentation in medical
records were used to determine the presence of
symptoms at diagnosis [14], suggesting that
symptoms were not always communicated to
and/or recorded by the clinician or suggesting
errors in recall for self-reported symptoms. These
symptoms include back pain, fatigue, bloating,
constipation, difficulty eating or feeling full
quickly, abdominal pain and urinary symptoms,
which are difficult to distinguish from normal
variation or benign conditions. However, symp-
toms tend to be more common, frequent, and
severe in women with ovarian cancer [15].
Importantly, many symptoms are reported in
women with early stage disease, suggesting that
awareness of these symptoms could aid in early
detection of ovarian cancer and consequently
improve survival [15–20].

13.1.2.2 Diagnosis
Definitive diagnosis of ovarian cancer requires
surgery and pathologic examination of the mass
to distinguish it from pelvic inflammatory dis-
ease, endometriosis, pelvic kidney, or a colonic
mass (either inflammatory or neoplastic) [21]. To
date, no non-invasive marker or screening test
has been identified. Therefore, algorithms have
been developed to aid in the differential diagno-
sis of ovarian tumors. Notably, the risk of
malignancy index (RMI) which uses a combi-
nation of menopausal status, ultrasound, and
serum levels of the tumor marker CA125, has
been shown to correctly identify 77 % of benign
masses, 59 % borderline ovarian tumors, and
91 % of invasive ovarian cancers [22, 23].

13.1.2.3 Treatment
Ovarian cancer treatment includes surgical
removal/excision (oophorectomy) with staging
and debulking followed by chemotherapy (usu-
ally carboplatin and paclitaxel) for most cases
[24]. Recent studies suggest that intraperitoneal
chemotherapy, which is sometimes offered to
women with less than one-centimeter postoper-
ative residual disease, provides a survival benefit
[25, 26]. However, intraperitoneal chemotherapy
is frequently discontinued prematurely due its
increased toxicity [27]. The marker CA-125 is
used to assess whether a complete response has
been achieved. However, a recent study suggests
that initiation of chemotherapy based on a rise in
CA125 in the absence of symptoms may not
improve mortality and may result in poorer
quality of life [28, 29].

13.1.2.4 Prognosis
Overall, only 40–45 % of women diagnosed with
ovarian cancer survive with the disease for
5 years or more. Early stage disease (confined to
ovary) is generally responsive to treatment and
therefore has a good prognosis (92 % 5-year
survival). Unfortunately, only 15 % of women
are diagnosed with ovarian cancer at an early
stage [1].

Ovarian cancer survival varies by histologic
subtype, with the shortest survival for serous
tumors. In a study of nearly 2000 women with
ovarian cancer, those with serous borderline
(Hazard Ratio (HR) 0.35, 95 % Confidence
Interval (CI) 0.18–0.67), endometrioid (HR 0.28,
95 % CI 0.22–0.37), clear cell (HR 0.30, 95 %
CI 0.21–0.44) and mucinous (HR 0.38, 95 % CI
0.25–0.58) had lower mortality than women with
serous invasive tumors [30]. However, differ-
ences in survival by histologic type were atten-
uated after accounting for clinical factors
including debulking status, stage, and grade.

Women with a younger age at diagnosis are
more likely to have tumors with a lower stage
and less aggressive histology; therefore, they
tend to have a better prognosis. Similarly, cases
with minimal residual disease (optimal debulk-
ing) have a good prognosis [31]. Interestingly,
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women with germline BRCA1/2 mutations have
a good prognosis because the homologous
recombination repair deficiencies in these tumors
make them responsive to platinum-based therapy
and PARP inhibitors [32].

13.1.3 Endometrial Cancer

13.1.3.1 Symptoms
Endometrial cancer is characterized by bleeding,
particularly in postmenopausal women. In fact,
75–90 % of women with endometrial cancer
present clinically with abnormal bleeding [33,
34], making population screening of the disease
unnecessary.

13.1.3.2 Diagnosis
Evaluation of women with a suspected endome-
trial tumor, due to abnormal bleeding or inci-
dental findings, includes physical examination, a
pregnancy test, and pelvic ultrasonography to
rule out benign conditions [35]. Definitive diag-
nosis requires evaluation of an endometrial
biopsy, endometrial curettage, or hysterectomy
specimen [36].

13.1.3.3 Treatment
Hysterectomy with removal of the tumor is the
standard treatment for endometrial cancer and
generally curative for early stage of recurrence.
Other tumors may benefit from adjuvant therapy
[36].

13.1.3.4 Prognosis
Unlike ovarian cancer, endometrial cancer is
often diagnosed at early stage (68 % are confined
to the uterus at diagnosis) [36] and prognosis is
good since it has a largely curative treatment
(hysterectomy). Overall, an estimated 82 % of
women with endometrial cancer survive 5 years
after diagnosis [1]. When examined by stage,
prognosis is best for early stage with 80–90 %
survival for stage I, 70–80 % for stage II, 20–
60 % for stages III and IV.

13.2 Descriptive Epidemiology

13.2.1 Ovarian Cancer

13.2.1.1 Trends Over Time
Ovarian cancer incidence has exhibited a modest
decline in the U.S. over the last 30 years with a
slight drop in rates since the mid-1990s
(Fig. 13.1). However, the Surveillance, Epi-
demiology, and End Result (SEER) agency
began excluding borderline tumors from their
assessment of ovarian cancer incidence in 2004,
which may explain part of the decline [37]. For
every 100,000 women in the US, the
age-adjusted number of ovarian cancer cases in
1980 was 15.5, 15.4 in 1990, 14.3 in 2000, and
12.7 in 2010 [38]. However, the drop in inci-
dence between 2004 and 2006 can be largely
explained by SEER’s exclusion of low malignant
potential (LMP) or borderline tumors, which
account for approximately 17 % of ovarian can-
cers. LMP tumors are ovarian tumors that can
extend beyond the ovary, but have an indolent
course and usually do not require surgery or
radiation [37]. Ovarian cancer deaths have been
stable with a slight drop in rates since the
mid-1990s, which coincides with the introduc-
tion of taxol treatment [39–43].

Fig. 13.1 Ovarian cancer incidence and mortality in the
United States, 2000–2012 (data from surveillance, epi-
demiology, and end results program)
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13.2.1.2 Geographic Variation
Ovarian cancer incidence is higher in developed
than developing countries with the highest rates
in Europe, North America, and Australia and
lowest rates in Africa, after accounting for age
(Fig. 13.2). Interestingly, while ovarian cancer is
relatively rare in Asia, most cases from this
region are clear cell tumors [44, 45], which often
have a poor prognosis since they generally do not
respond well to standard chemotherapy at
advanced stages [46].

13.2.1.3 Variation by Age
Epithelial ovarian cancer is rare at younger ages,
and increases steadily starting in a woman’s

reproductive years (Fig. 13.3). Most ovarian
cancer cases are diagnosed after menopause with
a median age at diagnosis of 63 years [38].

13.2.2 Endometrial Cancer

13.2.2.1 Trends Over Time
Endometrial cancer incidence in the U.S. has
remained relatively steady since 2000
(Fig. 13.4), with an age-adjusted estimate of 24.8
endometrial cancer cases per 100,000 women in
2000, and 27.5 in 2012. The slight increase in
recent years may be attributable to increasing

Fig. 13.2 Worldwide
variation in ovarian cancer
incidence (data from
Globocan 2012, available
at http://globocan.iarc.fr)

Fig. 13.3 Age-specific
incidence rates for ovarian
and endometrial cancer,
United States, 2008–2012
(data from surveillance,
epidemiology, and end
results program)

236 K.L. Terry and S.A. Missmer

http://globocan.iarc.fr


average body mass index (BMI), which is
expected to continue rising in the future.

13.2.2.2 Geographic Variation
Endometrial cancer is the most common gyne-
cologic cancer in developed areas like North
American and Europe [47], and second in
developing areas, like Africa, where endometrial
cancer incidences follow behind cervical cancer
(Fig. 13.5).

13.2.2.3 Variation by Age
Similar to ovarian cancer, endometrial cancer
incidence accelerates around menopause. How-
ever, endometrial cancer incidence peaks about
10 years later with a median age of 61 years [36]
and then tapers off at older ages (Fig. 13.3).

13.3 Risk Factors

13.3.1 Ovarian Cancer

13.3.1.1 Reproductive History
The strongest and most consistent “risk” factors
for ovarian cancer are oral contraceptive
(OC) use and parity—both of which reduce
ovarian cancer risk. These two factors also
reduce the lifetime number of ovulatory cycles,
which inflict repeated damage and repair to the
ovarian surface that may initiate or promote
carcinogenesis (Fig. 13.6). In a meta-analysis of
55 epidemiological studies, women who had ever
used OCs had more than a 25 % reduction in risk
(Odds Ratio (OR) 0.73, 95 % CI 0.66–0.81).
Longer duration was correlated with greater
reduction in risk in a dose–response fashion with
the greatest reduction in risk for women who had
used OCs more than 10 years (OR 0.43, 95 % CI
0.37–0.51) [48]. Since OC use is common in
reproductive aged women, the population impact
of this significant reduction in risk is notable for
this rare disease with an estimated two ovarian
cancer diagnoses and one ovarian cancer death
avoided before age 75 for every 5000
woman-years of OC use [49]. To date, the
reduction in ovarian cancer risk with OC use has
persisted across calendar time despite the chan-
ges in formulations [49] and generally across
ovarian cancer subtypes though there may be a

Fig. 13.5 Worldwide
variation in endometrial
cancer incidence (data from
Globocan 2012, available
at http://globocan.iarc.fr)
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Fig. 13.4 Endometrial cancer incidence and mortality in
the United States, 2000–2012. (data from surveillance,
epidemiology, and end results program)

13 Epidemiology of Ovarian and Endometrial Cancers 237

http://globocan.iarc.fr


greater reduction in risk for more aggressive
tumors [50, 51].

While parous women have a lower ovarian
cancer risk than nulliparous women, all preg-
nancies are not equally protective. A single
pregnancy lowers ovarian cancer risk by
approximately 40 % while each subsequent
pregnancy lowers risk by an additional 10–15 %
per pregnancy [52, 53]. Interestingly, parity is
more protective for endometrioid, clear cell,

low-grade serous, and mucinous tumors than
high-grade serous, though studies differ on
whether it is the first or subsequent pregnancies
that differ [50, 54, 55]. Later age at first and last
births reduce ovarian cancer risk [56–58]. How-
ever, later age at first birth is likely only pro-
tective due to its correlation with age at last birth
since only age at last birth remains significantly
associated with ovarian cancer risk when both
are included in a multivariate model [58].

1

2

3

Fig. 13.6 Epidemiologic evidence that supports etio-
logic hypotheses for ovarian and endometrial carcinogen-
esis. 1 Increased ovarian cancer risk due to a greater
number of ovulatory cycles is supported by decreased risk
with pregnancy and oral contraceptive use, 2 Increased
risk of endometrioid and clear cell ovarian cancer due to
retrograde menstruation is supported by increased risk of

those subtypes for women with endometriosis and
decreased risk with tubal ligation, 3 Increased risk of
endometrial cancer developing from estrogen induced
endometrial hyperplasia is supported by an increased risk
with estrogen-only hormone therapy and higher body
mass index
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13.3.1.2 Hormone Replacement
Therapy

The association between hormone replacement
therapy (HRT) and ovarian cancer has been
inconsistent and may vary by HRT formulation
and ovarian cancer histology. Although prior
pooled analyses and meta-analyses reported no
association between HRT use and ovarian cancer
risk [59–64], some studies suggest that long
duration of HRT, particularly estrogen-only for-
mulations, can increase risk [65–68]. For
instance, in the Nurses’ Health Study, women
who used HRT for more than 5 years had a
significant 40–50 % increase in ovarian cancer
risk compared to women who had never used
HRT [62]. In the United Kingdom (U.K.) Million
Women’s Study, increased risk with HRT use
was restricted to women who were current users
[63].

13.3.1.3 Endometriosis
Endometriosis, which affects approximately 10%
of reproductive aged women, is the occurrence of
endometrial-like tissue outside the uterus that is
often associated with pain and infertility [69–71].
Women with endometriosis have three times the
risk of developing clear cell ovarian cancer and
twice the risk of developing endometrioid or
low-grade serous ovarian cancer as women
without endometriosis [72]. On pathologic
review, ovarian tumors are sometimes found
adjacent to endometriosis and these tissues share
genetic mutations and mRNA expression pat-
terns [73–75].

A pooled analysis from the Ovarian Cancer
Association Consortium showed increased risk
of clear cell (OR 3.1, 95 % CI 2.4–3.8),
endometrioid (OR 2.0, 95 % CI 1.7–2.5) and
low-grade serous (OR 2.1, 95 % CI 1.4–3.2)
ovarian cancer for women with self-reported
endometriosis, compared to the general popula-
tion but not of high-grade serous or mucinous
ovarian cancer [72].

13.3.1.4 Tubal Ligation
Tubal ligation, surgical sterilization by closure of
the fallopian tube, reduces a woman’s overall
ovarian cancer risk by 30–34 %, according to

recent meta-analyses [76, 77]. Interestingly, this
association has held up across time, despite
changes in the how tubal ligations have been
performed (cutting, burning, banding) [76, 78],
though a recent study suggests that tubal steril-
ization by excision may be more protective than
other methods [79]. Tubal ligation is thought to
reduce ovarian cancer risk by blocking retrograde
menstruation or inflammatory contaminants from
ascending the reproductive tract (Fig. 13.6) and
thereby preventing exposure of the ovaries to
these potential carcinogens, such as talc and
endometrial tissue [80]. Recently, many studies
and pooled analyses have demonstrated that the
reduction in risk afforded by tubal ligation is
restricted to endometrioid and clear cell types
[81, 82]. In a pooled analysis including 10,157
cases from the Ovarian Cancer Association
Consortium, Sieh et al. observed that women
with a tubal ligation had a 29 % reduction in
serous ovarian cancer risk, but a 52 and 48 %
reduction in risk for endometrioid and clear cell
subtypes, respectively [82].

13.3.1.5 Genital Powder Use
Powder use, which generally includes talc, is
associated with a 25–35 % increase in ovarian
cancer risk when applied to the genital area [83,
84]. While the association between ever use of
genital powder and ovarian cancer is fairly con-
sistent over 20 years of research, evidence of a
dose response has been inconsistent [85, 86],
which has brought into doubt the biologic plau-
sibility of the association.

13.3.1.6 Smoking
The association between smoking and ovarian
cancer differs by histologic subtype. In an anal-
ysis within the Ovarian Cancer Association
Consortium, including more than 14,000 cases,
current smoking was associated with a 30 %
increase in mucinous invasive, but not other
histologic subtypes [87]. Former versus never
smoking was associated with a 30 % increase in
risk of serous borderline ovarian cancer. Inter-
estingly, current smoking was associated with a
reduced risk of endometrioid (OR 0.84, 95 % CI
0.69–1.02) and clear cell ovarian cancer (OR
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0.74, 95 % CI 0.56–0.98), which is not entirely
surprising since smoking also decreases the risk
of endometriosis and endometrial cancer.

13.3.1.7 Body Mass Index
Observations regarding BMI and ovarian cancer
risk are inconsistent. A pooled analysis of 12
cohort studies, including 2036 cases, showed no
significant increase in ovarian cancer risk with
each 4 kg/m2 increase in prediagnostic adult life
BMI (OR 1.01, 95 % CI 0.95–1.07) [88]. In
contrast, a pooled analysis of 11 case-control
studies in OCAC, including 13,548 cases and
17,913 controls reported a small, but statistically
significant increase in risk with each 5 kg/m2

increase in BMI for both invasive (OR 1.04,
95 % CI 1.00–1.08) and borderline tumors (OR
1.18, 95 % CI 1.14–1.23) [89]. Furthermore, the
association with BMI was restricted to mucinous
and endometrioid tumors. These results are
consistent with a meta-analysis of 47 studies
showing a statistically significant increase in
ovarian cancer risk with each 5 kg/m2 increase in
BMI in both prospective (Relative Risk
(RR) 1.03) and population-based case-control
studies (RR 1.10). However, the association
between BMI and ovarian cancer risk per
5 kg/m2 differed by use of HRT use with a
positive association between BMI and risk in
never users (RR 1.10, 95 % 1.07–1.13) and an
inverse association in ever HRT users (RR 0.95,
95 % CI 0.92–0.99) [90].

13.3.1.8 Polycystic Ovarian Syndrome
Recent meta-analyses disagree on whether ovar-
ian cancer risk is higher in women with poly-
cystic ovarian syndrome (PCOS), a condition
characterized by irregular menstrual cycles,
infertility, hyperandrogenism, and frequently a
higher BMI. One epidemiological study reported
a two- to threefold increased risk associated with
PCOS [91], while another study found no sig-
nificant association [92]. Differences might be
explained by variability in the classification of
PCOS or considerations of potential confounders
like OCs, which are often a first line therapy to
treat irregular menstrual cycles.

13.3.1.9 Family History
There are a number of inherited genetic risk
factors emerging for ovarian cancer. Having a
mother or sister with the disease increases a
woman’s risk for ovarian cancer by approxi-
mately two- to threefold [93]. Most hereditary
ovarian cancers are due to BRCA1 and BRCA2
mutations, accounting for 10–15 % of ovarian
cancers [94–98]. Less commonly, hereditary
ovarian cancer occurs due to the Lynch syn-
drome or hereditary non-polyposis colorectal
cancer syndrome (HNPCC), which is character-
ized by mutations in mismatch repair genes
(hMLH1, hMSH2, hPMS1, hPMS2, and
hMSH6). These syndromes account for about
2 % of ovarian cancers [94]. While these higher
penetrant genetic factors are more likely to be
found in families in which a number of relatives
have been affected with breast or ovarian cancer,
an estimated 10 % of “sporadic” ovarian cancer
[99] and up to 40 % among women with a
Jewish ethnic background [100] also carry these
genetic variants.

13.3.2 Endometrial Cancer

Unlike ovarian cancer, endometrial cancer risk
factors can be largely explained by a single
mechanism—excess estrogen exposure that pro-
motes endometrial hyperplasia that can transform
into endometrial cancer (Fig. 13.6). For instance,
estrogen therapy unopposed by progestin is one
of the strongest risk factors for endometrial
cancer, which is why this type of hormone
therapy is only recommended for women who
have had a hysterectomy.

13.3.2.1 Reproductive History
Most reproductive factors that influence
endometrial cancer risk can be attributed to
increased estrogen exposure. For example, earlier
age at menarche and later age at menopause both
extend the duration of exposure to ovarian hor-
mones and increase endometrial cancer risk
[101]. Interestingly, a later age at last birth
lowers endometrial cancer risk and largely
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explains the inverse association between number
of children and endometrial cancer risk [101]. In
an international pooled analysis including 8671
cases and 16,562 controls, Setiawan et al.
reported an 18 % decrease in endometrial cancer
risk for each 5-year increase in age at last birth
[102].

13.3.2.2 Hormone Replacement
Therapy

The strong and consistent elevation in endome-
trial cancer risk with HRT has lead to recom-
mendations that women with an intact uterus
avoid estrogen-only therapy. In a meta-analysis
of 30 studies, estrogen-only users had a twofold
increase in endometrial cancer risk and nearly a
tenfold increase in risk for women who had used
estrogen-only therapy for more than 10 years
[103].

13.3.2.3 Body Mass Index
Given the growing obesity epidemic, the strong
and consistent association between increasing
BMI and endometrial cancer risk is concerning
and may explain a large proportion of the recent
rise in endometrial cancer incidence in the U.S.
[104]. A meta-analysis of 24 prospective studies,
including more than 17,000 cases, reported a
60 % increase in risk for each 5 kg/m2 increase
in BMI. Compared to normal weight women
(BMI 20–25 kg/m2), the heaviest women
(BMI > 42 kg/m2) had more than a ninefold
increase in risk. The association was strongest
among women with a BMI > 42 kg/m2 who had
never used HRT (RR 20, 95 % CI 8–52).
Estrogenic proliferation is thought to be the pri-
mary mechanism underlying the BMI endome-
trial cancer association since fat cells convert
androgens to estrogens and are the leading source
of estrogen in postmenopausal women.
A stronger association in non-HRT users lends
support to this mechanism.

However, associations between diabetes
and/or metabolic syndrome, which consists of a
combination of cardiovascular risk factors
including dysglycemia, elevated blood pressure,
low high-density lipoprotein cholesterol levels,

with endometrial cancer suggest that BMI may
increase endometrial cancer mechanisms through
non-estrogenic pathways as well. Recent
meta-analyses reported a nearly twofold increase
in endometrial cancer risk for women with dia-
betes or metabolic syndrome compared to those
without [105]. While higher BMI largely
accounts for the association between these dia-
betes and endometrial cancer, a significant
association remains after adjusting for BMI
[106], which suggests that insulin dysregulation
or some other aspect of diabetes encourages
endometrial carcinogenesis above and beyond
increased body weight alone.

13.3.2.4 Smoking
Compared to women who have never smoked,
former and current smokers have a 20–60 %
reduction in endometrial cancer risk [107, 108].
Risk reduction is greater for current smokers (RR
0.65, 95 % CI 0.55, 0.78) than for former
smokers (RR 0.89, 95 % CI 0.80, 1.00), but there
is no dose response association with greater
number of cigarettes per day [109]. Potential
mechanisms for this reduction in risk relates to
reduced or modified estrogen, including a
younger age of menopause due to destruction of
oocytes, lower BMI, a shift in estrogen metabo-
lism towards the anti-carcinogenic
2-hydroxyestrone form, and increased proges-
terone [107, 109].

13.3.2.5 Polycystic Ovarian Syndrome
An elevated risk of endometrial cancer for
women with PCOS, a condition in which women
are often overweight and have insulin dysregu-
lation, is not surprising given these are both
established endometrial cancer risk factors.
Women with PCOS have approximately a four-
fold increase in risk of endometrial cancer [92,
110]. Although the association between PCOS
and endometrial cancer is attenuated after
adjustment for BMI, suggesting that some of the
association is explained by higher BMI in
women with PCOS, a significant association
remains indicating that PCOS increases risk
independent of increased body weight [110].
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13.3.2.6 Family History
Having a mother or sister with endometrial can-
cer doubles a woman’s own risk [111], and there
are several familial syndromes known to include
endometrial cancer. Most notably, Lynch syn-
drome is associated with a 27–71 % lifetime risk
of endometrial cancer compared to a 3 % risk in
the general population [47]. Cowden syndrome is
a rare familial syndrome, characterized by a
mutation in Phosphatase and tensin homolog
(PTEN), and is associated with 13–28 % lifetime
risk of endometrial cancer [47, 112].

13.4 Conclusion

The last several years have been a time of great
epidemiologic and basic science discovery for
ovarian and endometrial cancer. These cancers of
the reproductive tract have both concordant and
discordant risk factor profiles. For the former,
identification of distinct subtypes has resulted in
paradigm-shifting focus for etiologic hypotheses
as well as diagnostic and treatment discovery.
For the latter, etiologic hypotheses which expand
beyond estrogenic proliferation as risk factors
that do not fit the classic etiologic framework,
like age at last birth and PCOS, have been
appreciated. As distinct subtypes of these cancers
are identified, the need for multicenter interna-
tional collaborations that contribute “big data” to
foster disease subtype discovery will be critical
to moving the field forward.
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14Pathology and Molecular Pathology
of Uterine and Ovarian Cancers

Eric C. Huang, David W. Kindelberger
and Luis G. Carvajal-Carmona

14.1 Introduction

In this chapter, we will first discuss the embry-
ology of the Müllerian tract. The chapter is then
further separated into two major sections: uterus
and ovary. The normal histology, pathologic
abnormalities, and neoplastic processes for each
organ will be described, followed by genetics
and genomic information.

14.2 Embryology
and Development
of the Müllerian Tract

A basic understanding of the development of
female genital tract can provide insights into a
variety of developmental and other disorders. This
developmental program may be imprecisely divi-

ded into early and late stages, with the production
of anti-Müllerian hormone (AMH) by the embryo
being the critical step in this division. Prior to this
point, the primitive coelomic epithelium (in both
males and females) begins to invaginate at multi-
ple foci to form bilateral tubular structures known
as the Müllerian ducts. These tubes follow the
already established course demarcated by the
mesonephric ducts. Because of this spatial rela-
tionship, the Müllerian ducts are also termed the
paramesonephric ducts. As the Müllerian ducts
expand caudally, they cross themesonephric ducts
and ultimately fuse in the midline to form the
precursor of the uterovaginal canal [1, 2]. This
entire process occurs from approximately the 5th
week of embryonic development through the 8th
week. At this time, production of AMH signals the
beginning of development of the “male” program,
which culminates in the regression of the Mülle-
rian duct system. AMH has multiple functions,
working to prevent development of the early fal-
lopian tubes and ultimately, of both uterus and
vagina. Of note, production of AMH by each
primitive (ovo)testis only affects ipsilateral fal-
lopian tube development, such that bilateral pro-
duction is needed to fully switch off bilateral
development of female structures. Ultimately,
female structures become insensitive to effects of
AMH. In females, very little AMH is produced
which leads to the default development of the
Müllerian system into the fallopian tubes, uterus,
and vaginal wall [3].

E.C. Huang (&)
School of Medicine, University of California at
Davis, 4400V. St., PATH Building, Sacramento
CA 95817, USA
e-mail: ecchuang@ucdavis.edu

D.W. Kindelberger
School of Medicine, Boston University,
670 Albany St., Boston, MA 02118, USA

L.G. Carvajal-Carmona
Genome Center and School of Medicine,
University of California at Davis, GBSF,
451 Health Science Dr., Davis, CA 95616, USA

© Springer International Publishing Switzerland 2017
M. Loda et al. (eds.), Pathology and Epidemiology of Cancer,
DOI 10.1007/978-3-319-35153-7_14

247



As fetal development continues past 8 weeks,
if the embryo is female, there will be bilateral
fallopian tubes which enter the uterine corpus
and fuse. Simultaneously, epithelium from the
urogenital sinus proliferates. Caudally, this dif-
ferentiates into squamo-transitional epithelium
which will come to form the vagina and ecto-
cervix. More cranially, endocervical glands begin
to develop at approximately 15 weeks. Differ-
entiation continues cranially as primitive
endometrial glands may be seen as early as week
19–20 [4]. Also by 20 weeks, smooth muscle
cells begin to appear in the walls of the tubular
genital tract. This leads to essentially complete
exclusion of the mesonephric duct remnants, as
the muscular wall becomes increasingly
well-developed around the Müllerian duct sys-
tem. After approximately 20 weeks, maternal
estrogen levels are high enough to trigger matu-
ration of the vaginal squamous epithelium, which
shows evidence of intracellular glycogen accu-
mulation [5].

In summary, hormonal production early in
genital tract development is crucial to the deter-
mination of male versus female internal struc-
tures. Thus, only if there are elevated levels of
AMH before week 10, does the embryos develop
significant male internal structures through per-
sistence of the mesonephric system and inhibi-
tion of the Müllerian system.

Critical to the development of functioning
gonads and, by extension, to the determination of
biologic sex of the embryo is the presence of a
functional SRY gene, located on the Y chromo-
some. In general, testes are formed following
SRY expression very early in development (be-
fore the urogenital ridge differentiates). Likewise,
the RSP01 gene has been linked to development
of the ovary through activation of β-catenin sig-
naling pathways [6]. Very early in development
(week 3), primordial germ cells migrate from the
yolk sac to the regions of the urogenital ridges,
bilaterally. Over the next several weeks, the
ridges develop into physically well-defined
primitive gonads with early sex cords com-
posed of primordial germ cells and supporting
mesonephric cells. At this point, under the
influence of SRY gene products, the sex cords

begin forming tubular structures and immature
Sertoli-like cells are present (i.e., the male phe-
notype becomes dominant). In the absence of a
functional SRY gene, germ cells continue to
increase in number until genes associated with
ovarian development become active [7]. These
germ cells become admixed with surrounding
ovarian stromal cells. Each germ cell will
become encapsulated within its own primordial
follicle. These cells arrest during meiosis and do
not proliferate further. The ovary develops
structurally beginning at approximately the 15th
week. Under inductive influence of mesonephric
cells that migrated into the developing ovary
early in development, the germ cells progress
from primordial follicles and into primary folli-
cles, with development occurring from the
ovarian center toward the periphery. Germ cells
that do not develop into follicles undergo apop-
tosis; thus, the primary sex cords will ultimately
regress so that only primary follicles are present
at birth [8, 9].

14.3 The Uterus

14.3.1 Cycling Endometrium

The endometrium undergoes morphologic chan-
ges continuously, secondary to hormonal chan-
ges. Endometrial biopsies from cycling patients
(typically in the third or fourth decades) are
among the most common specimens received.
The principal questions being addressed in the
vast majority of these cases are whether the
patient has ovulated and the corollary: whether
the luteal phase is progressing normally. The
criteria most commonly used to answer these
questions by assigning a “date” (or date range) to
endometrial biopsies, based on morphologic
grounds, were put forth by Noyes, Hertig, and
Rock in 1950 [10]. Several modifications have
been made to their initial system, but the basic
principles remain largely unchanged. To create a
reproducible conceptual framework, cycling
endometrium may be divided into six categories,
based on morphologic features: proliferative
endometrium, sixteen day endometrium, early
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(vacuolar) secretory endometrium, mid (ex-
hausted) secretory endometrium, late (predecid-
ual) secretory endometrium, and menstrual
endometrium [11]. An idealized setting of a
28-day cycle is assumed with day one repre-
senting the first day of menses. In reality, many
women have cycles that differ from that 28-day
ideal. These differences are most often accounted
for within the pre-ovulatory interval of the cycle
(the proliferative phase), while the post-ovulatory
period (secretory phase to menses) remains
remarkably constant at 14 days.

14.3.1.1 Proliferative Endometrium
In response to estrogen, endometrial glands are
stimulated to proliferate and show the characteristic
morphologic pattern of proliferative endometrium:
tubular glands with cells having pseudostratified,
deeply basophilic nuclei with coarse chromatin and
numerous mitotic figures (Fig. 14.1).

14.3.1.2 Sixteen Day Endometrium
Sixteen day endometrium is characterized by
glands with cells displaying subnuclear vacuoles
combined with abundant mitotic figures
(Fig. 14.2). The overall gland architecture is the

simple tubular glands of proliferative endome-
trium and, although mitoses are prominent, they
are not as numerous as during the proliferative
phase. In sixteen day endometrium, the presence
of numerous mitoses prevents one from confirm-
ing that ovulation has occurred [11].

14.3.1.3 Early (Vacuole Phase)
Secretory
Endometrium

Entry into the vacuole phase of the cycle sug-
gests that ovulation has occurred. Glands with
cells showing uniform subnuclear vacuoles and
rare mitotic figures warrant the diagnosis of day
seventeen secretory endometrium (Fig. 14.3a). In
day eighteen secretory endometrium, the glan-
dular epithelial cells have both sub- and
supranuclear vacuoles where the nuclei have
migrated toward the gland lumen and now
occupy the center of the cell (Fig. 14.3b). By day
nineteen, the nuclei have nearly all returned to
the base of the cell. There are abundant intralu-
minal secretions and the glands begin to show
secretory exhaustion with low columnar to
cuboidal cells, loss of vacuoles, and a lack of
mitotic activity [12].

Fig. 14.1 Proliferative
endometrium. The glands
are round to tubular with
pseudostratified nuclei and
mitotic figures
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14.3.1.4 Mid (Secretory Exhaustion
Phase) Secretory
Endometrium

The loss of secretory vacuoles signals the end of
the early secretory phase and the beginning of the
mid phase. From this point forward, the focus in
assigning dates to endometrial samples will be on

stromal changes. Day twenty secretory
endometrium exhibits maximal intraluminal
secretions with only very rare residual subnuclear
vacuoles (Fig. 14.4a). The stroma beneath the
endometrial surface becomes more compact and
can mimic predecidualized stroma. However, the
stromal cells still have dark nuclei and a high

Fig. 14.2 Sixteen day endometrium. The glands are similar to proliferative endometrium and contain scattered
subnuclear vacuoles

Fig. 14.3 Early (vacuole phase) secretory endometrium. a Day 17 has uniform prominent subnuclear vacuoles. b Day
18 has both sub-and supranuclear vacuoles
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nuclear to cytoplasmic ratio, unlike predecidual-
ized cells. Day twenty-one secretory endome-
trium shows increased stromal edema, which
peaks at day twenty-two. The stromal cells may
appear widely spaced and their high nuclear to
cytoplasmic ratios make them appear to have
“naked nuclei.” There are no conspicuous pre-
decidual changes (Fig. 14.4b).

14.3.1.5 Late (Predecidual Phase)
Secretory Endometrium

There are three well-defined components of prede-
cidual change. Initially, there are aggregates of
stromal cells surrounding spiral arterioles. As the
changes develop, the stromal cells acquire distinct
cell borders and slightly basophilic cytoplasm.
Finally, the chromatin texture becomes much finer
and the nuclei take onmuch less basophilia. For day
twenty-three secretory endometrium, the predecid-
ual cells are found surrounding individual spiral
arterioles (Fig. 14.5a). By day twenty-four, the
aggregates of predecidua bridge multiple vessels.
Day twenty-five secretory endometrium is charac-
terized by predecidua in thin aggregates below the
endometrial surface (Fig. 14.5b).A thick subsurface
band of predecidua is present by day twenty-six,
accompanied by the presence of endometrial

stromal granulocytes. Day twenty-seven endome-
trium shows abundant predecidua expanding
downward from the endometrial surface, with
increased numbers of granulocytes [11]
(Fig. 14.5c).

14.3.1.6 Menstrual (Breakdown)
Endometrium

The menstrual phase is defined by the presence
of discrete aggregates of condensed predecidual
cells (stromal breakdown), admixed with
inflammatory cells and blood [13]. Interspersed
between these fragments of condensed stroma are
glands showing secretory exhaustion (Fig. 14.6).
The presence of both components (stromal
breakdown and secretory exhausted glands) is
evidence that breakdown has occurred.

14.3.2 Dysfunctional Uterine
Bleeding

A number of conditions may lead to dysfunc-
tional uterine bleeding, which can be thought of
as bleeding resulting from alterations in the
normal cycling pattern of the endometrium. The
most common causes include anovulation

Fig. 14.4 Mid (secretory exhaustion phase) secretory
endometrium. a Day 20 has rare subnuclear vacuoles and
exhibits maximal intraluminal secretion. b Day 22 shows

prominent endometrial stromal edema that has an appear-
ance of “naked nuclei”
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(typically seen in patients in their fifth decade),
chronic endometritis, endometrial polyps, and
submucosal leiomyomata [11].

14.3.3 Anovulation

Anovulatory cycles are very common and
these changes can lead to multiple histologic
patterns depending on the presence or absence
of elevated estrogen levels. Persistent estrogen
stimulation leads to the formation of cystically
dilated endometrial glands with an irregular
distribution (Fig. 14.7a). Stromal breakdown
may be patchy due to ischemia from focal

fibrin thrombi in spiral arterioles. In the
absence of elevated estrogen, the cystic, dila-
ted glands are not prominent, but other fea-
tures of anovulation including tubal metaplasia
(Fig. 14.7b), patchy breakdown due to fibrin
thrombi, and surface repair are present.
Another pattern seen when the proliferative
phase is followed by abrupt loss of estrogen
(absence of a persistent ovarian follicle) is that
of uniform tubal glands with diffuse stromal
breakdown. This can be distinguished from
normal ovulatory breakdown by the absence of
predecidual changes in stroma and the lack of
secretory changes in the glands in the case of
anovulation [14].

Fig. 14.5 Late (predecidual phase) secretory endometrium. a Day 23 has spiral arterioles surrounded by predecidual
cells. b Day 25 contains a thin layer of predecidua underneath the surface. c Day 27 shows abundant predecidua
expanding downward from the endometrial surface, with increased numbers of granulocytes
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14.3.4 Benign Endometrial
Hyperplasia

Benign endometrial hyperplasia (or hyperplasia
without atypia) typically occurs in peri-
menopausal women with a presenting symptom
of abnormal uterine bleeding. It is a condition that
results from unopposed estrogen that may be
caused by multiple factors including chronic
anovulation, absence of progesterone, androgen

to estrogen conversion within adipose tissue
secondary to obesity, polycystic ovarian syn-
drome (PCOS), estrogen-secreting ovarian
tumors (e.g., granulosa cell tumor), or exogenous
estrogen (e.g., Tamoxifen therapy). Women with
excess estrogen carry a 3–4 fold increased risk of
developing endometrial carcinoma and 10-fold
increased risk after a decade of exposure [15].
Women with abnormal uterine bleeding usually
will undergo endometrial biopsy or curettage to

Fig. 14.6 Menstral (breakdown) endometrium. Diffuse stromal breakdown admixed with inflammatory cells, blood
and associated exhausted secretory glands

Fig. 14.7 Anovulatory endometrium. a Cystically dilated glands. b Tubal metaplasia
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rule out the possibility of uterine cancer [16].
Histologically, the samples contain endometrial
glands that vary in size and shape with an asso-
ciated increase in gland to stromal ratio; however,
there is no significant cytologic demarcation from
the background endometrium [17, 18].

14.3.5 Endometrial Intraepithelial
Neoplasia

Endometrial intraepithelial neoplasia (EIN) (or
atypical hyperplasia) commonly affects peri-
menopausal to postmenopausal women. Similar
to benign endometrial hyperplasia, this condition
is developed secondary to excess endogenous or
exogenous estrogen, causing abnormal uterine
bleeding as the presenting clinical symptom.
Much evidence supports EIN as the precursor
lesion to endometrioid type of endometrial can-
cer [18–22]. In addition, *25–35 % of patients
with EIN will also develop concurrent or subse-
quent endometrial carcinoma [19, 21]. The
diagnostic criteria for EIN include: (1) an area
where glandular content exceeds that of stroma
(glands/stroma > 1), (2) nuclear and/or cyto-
plasmic features of epithelial cells differ between
architecturally abnormal glands and normal

background glands, (3) maximum linear dimen-
sion exceeds 1 mm, and (4) excluding benign
mimics (e.g., endometrial polyps or anovulatory
endometrium) and adenocarcinoma (Fig. 14.8).
All of these criteria must be satisfied in order to
make the diagnosis of EIN.

14.3.6 Endometrial Carcinoma

Endometrial carcinoma is the most common
malignant tumor in the female genital tract with
an age-adjusted incident rate of 24.6 per 100,000
women per year in the United States (US) [23].
Patients often present with abnormal uterine
bleeding that initiates endometrial sampling [16].
Based on clinical and pathologic information,
endometrial carcinomas have been divided into
type 1 and type 2 [24, 25]. Type 1 cancers are
usually low-grade tumors associated with estro-
gen overexposure, whereas type 2 cancers are
aggressive high-grade tumors which occur inde-
pendently of estrogen stimulation.

14.3.6.1 Endometrioid
Adenocarcinoma

This tumor is the prototypic type 1 cancer. It is
the most commonly encountered cancer in the

Fig. 14.8 Endometrial
intraepithelial neoplasia.
There is increased gland to
stromal ratio that exceeds
1 mm in linear dimension.
In addition, the nuclear
cytology differs from the
normal background glands
(highlighted by red arrow)
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endometrium, affecting predominantly peri-
menopausal to postmenopausal women with a
mean age around 60 years [26]. The most com-
mon presenting symptom is abnormal uterine
bleeding where endometrial thickening can
sometimes be visualized by transvaginal ultra-
sound imaging. As discussed earlier, EIN is the
precursor lesion for the endometrioid type of
endometrial adenocarcinoma [18–22]; therefore,
they share similar risk factors. Genetically, indi-
viduals with Lynch syndrome or Cowden syn-
drome also have higher risk of developing
endometrioid adenocarcinoma [27–29].

Histologically, endometrioid adenocarcinoma
has glands that are similar to benign endome-
trium. The columnar lining cells have a stratified
or pseudostratified appearance and the glands are

crowded with complex maze-like or cribriform
architecture. Gland fusion and solid areas
develop as the tumor becomes less differentiated.
The grading of endometrioid adenocarcinoma is
based on the amount of solid growth pattern
(non-squamoid) in these cancers. Grade 1 tumors
have <5 % solid component (Fig. 14.9a), grade 2
tumors have solid areas between 5 and 50 %
(Fig. 14.9b), and grade 3 tumors have >50 %
solid growth pattern (Fig. 14.9c). The tumor
nuclei typically demonstrate a low to moderate
amount of cytologic atypia in grade 1–2 tumors.
The presence of severe cytologic atypia in >50 %
of the tumor is associated with more aggressive
clinical behavior and justifies increasing the
tumor by one grade in architecturally grade 1 or 2
tumors [30]. Squamous, villoglandular and

Fig. 14.9 Endometrial adenocarcinoma. a Grade 1
tumor showing glands with complex architecture.
b Grade 2 tumor showing glands similar to grade 1;

however, >5 % of solid areas can be seen. c Grade 3
tumor with mostly solid pattern (>50 %)
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secretory differentiations can also be seen in
endometrioid adenocarcinomas.

In biopsy/curettage material, when the lesion
is present in both endometrial and endocervical
samples, it can be difficult to decipher the pri-
mary site of origin based on histomorphology
alone. However, it is important to make this
distinction as endometrial and endocervical can-
cers have different clinical and surgical man-
agements. Identification of precursor lesions
(EIN or endocervical adenocarcinoma in situ)
may assist in this scenario. However, when
absent, immunohistochemistry with a panel of
antibodies including ER, vimentin, monoclonal
CEA and p16 can be helpful in making this
distinction. Endometrial cancers typically are
positive for ER and vimentin while endocervical
lesions are positive for p16 and monoclonal
CEA. On the other hand, it should be noted that
high-grade endometrial cancers can occasionally
stain diffusely positive for p16, therefore, the
staining should be interpreted with caution and in
conjunction with histomorphology.

14.3.6.2 Mucinous Adenocarcinoma
This tumor is defined by >50 % of neoplastic cells
containing cytoplasmic mucin. It is an uncommon

lesion, found in <10 % of all endometrial cancers
[31]. Clinically, these tumors are usually associ-
ated with low-stage disease, although 50 % of
cases can develop deep myometrial invasion [31].
Some experts consider mucinous adenocarci-
noma as a variant of endometrioid adenocarci-
noma with mucinous differentiation, as these
tumors behave similarly and the distinction poses
no clinical significance. However, this entity is
listed separately under the 2014 World Health
Organization classification of endometrial tumors
[32]. Histologically, the neoplastic glands are
lined by mucin-rich cells with minimal stratifi-
cation (Fig. 14.10). The mucin is producing cells
that are positive for mucicarmine and CEA. There
is a mild to moderate cytologic atypia.

14.3.6.3 Serous Adenocarcinoma
Serous carcinoma is one of the most aggressive
endometrial carcinomas and is considered a type
2 tumor. Women with this disease are generally
postmenopausal and older than patients with
type 1 tumors. Estrogen excess is less commonly
associated with this tumor. Histologically, the
tumor consists of complex papillary and/or
glandular architecture where neoplastic cells
contain pleomorphic high-grade nuclei and

Fig. 14.10 Mucinous
adenocarcinoma. There are
abundant mucin pools seen
within the tumor and the
tumor cells contain
cytoplasmic mucin
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macronucleoli (Fig. 14.11a). Mitoses are readily
identified. Papillary tuftings and irregular slit-like
spaces are other morphologic features seen in
serous carcinoma (Fig. 14.11a). By definition,
serous carcinoma is a high-grade tumor; there-
fore, grading is not required. Serous carcinoma
has an aggressive clinical behavior and is often
associated with deep myometrial and lympho-
vascular invasion. Even in the absence of
myometrial invasion, it is not uncommon to find
extrauterine metastasis.

Serous carcinoma and grade 3 endometrioid
adenocarcinoma can have overlapping morpho-
logic features. Immunohistochemistry may help
in differentiating these two different entities.
Aberrant p53 expression (either diffuse positivity
or complete absence) is typically seen in serous
carcinoma (Fig. 14.11b). However, it is impor-
tant to note that some grade 3 endometrioid
adenocarcinomas can harbor p53 mutations,
making this immunostain unhelpful in this situ-
ation. Fortunately, this distinction is not critically
important for clinicians as both of these tumors
often present with high stage disease that requires
similar aggressive clinical management.

14.3.6.4 Clear Cell Adenocarcinoma
Clear cell carcinoma is a rare type 2 tumor
that is encountered in <5 % of all endometrial

cancers. Histologically, these tumors have pap-
illary, tubulocystic and solid growth patterns
(Fig. 14.12a). Hobnail cells with clear cytoplasm
are the hallmark characteristic of this tumor
(Fig. 14.12b). Occasionally, the cytoplasm may
appear eosinophilic rather than clear. Severe
nuclear atypia is always present. Similar to ser-
ous carcinoma, this tumor is by definition a
high-grade neoplasm; therefore, grading is
unnecessary.

14.3.6.5 Carcinosarcoma
Carcinosarcoma (or malignant mixed Mϋllerian
tumor) is a highly aggressive malignant neoplasm
that consists of both malignant epithelial and
mesenchymal components. It affects post-
menopausal women and represents <5 % of
malignant uterine tumors. Carcinosarcomas have
been associated with tamoxifen or exogenous
estrogen therapies [33, 34]. The majority of
women with carcinosarcoma present as high-stage
disease with tumor extending beyond the uterus.
Clinically, the tumor may present as a polypoid
mass that protrudes through the cervical os. His-
tologically, the epithelial component more com-
monly consists of endometrioid or serous
adenocarcinomas (Fig. 14.13); however, other
types of epithelial malignancy, such as clear cell
carcinoma, can also be identified. The malignant

Fig. 14.11 Serous adenocarcinoma. a The tumor contains papillary/glandular architecture with high-grade nuclei and
mitoses. b This tumor harbors p53 mutation, which is demonstrated by p53 immunostain

14 Pathology and Molecular Pathology of Uterine and Ovarian Cancers 257



mesenchymal component is typically composed of
non-specific high-grade sarcoma; however,
heterologous elements such as benign cartilage or
rhabdomyosarcoma can be present. Recent studies
have suggested that carcinosarcomas are of
epithelial in origin with transitions to mesenchy-
mal differentiation [35–37].

14.3.6.6 Less Common Tumors
There are other less commonly seen uterine
neoplasms, such as neuroendocrine tumors,
undifferentiated carcinoma, leiomyosarcoma,
adenosarcoma and endometrial stromal sarcoma.
However, for the scope of this chapter, these rare
entities will not be discussed.

Fig. 14.12 Clear cell adenocarcinoma. a As its name implies, the tumor cell contains clear cytoplasm. b Hobnail cells
with high nuclear grade can be appreciated

Fig. 14.13 Carcinosarcoma. This tumor has a mixture of high-grade malignant epithelial (left) and mesenchymal
(right) components
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14.3.7 Spread and Staging

Staging of endometrial cancers is based on the
International Federation of Gynecology and
Obstetrics (FIGO) and the American Joint
Committee on Cancer (AJCC) staging systems,
which are similar. These systems take into
account the depth of the myometrial invasion and
the involvement of cervical stroma, uterine ser-
osa, adnexa, vagina, parametrium, bladder, or
bowel mucosa [38]. Lymphatic spread initially
involves the pelvic lymph nodes, eventually
reaching the para-aortic lymph nodes. However,
a subset of endometrial cancers do metastasize
directly to the para-aortic lymph nodes.

14.3.8 Genetics and Genomics

As mentioned previously, endometrial carcinoma
have been divided into type 1 and 2 tumors. Type 1
tumors are typically associated with microsatellite
instability (MSI), PTEN andKRASmutations, and
β-catenin nuclear accumulation, while type 2
tumors are associated with p53 abnormalities and
loss of heterozygosity at different loci.

14.3.8.1 Familial Syndromes
It has been estimated that about 5 % of all newly
diagnosed endometrial cancers can be attributed to
inherited familial cancer syndromes [39]. Of such
familial syndromes, Lynch syndrome accounts for
the majority of inherited endometrial cancers and
is also characterized by a high risk of colorectal
tumors [40–43]. This familial cancer syndrome
results from germline mutations in the mismatch
repair (MMR) genes MLH1, MSH2, MSH6 and
PMS2 [40–43]. The cumulative lifetime risk
(typically calculated by age 75) of developing
endometrial cancer in MMR gene mutation carri-
ers ranges from 20 to 70 % and depends on the
mutated gene, with patients carrying MSH6
mutations having the highest risk (up to 71 % by
age 75) [44]. On average, the age of diagnosis of
endometrial cancer in Lynch syndrome is *2
decades younger than in sporadic cases [44].
Histologically, most Lynch syndrome cancers are
endometrioid tumors. In addition to a personal

and/or familial history of colorectal and endome-
trial tumors, or early age of diagnosis and
endometrioid histology, another hallmark of
Lynch syndrome cancers is the presence of MSI,
which can be diagnosed using microsatellite test-
ing or MMR protein immunohistochemistry.
Although MSI and MMR testing can aid in the
identification of Lynch Syndrome-associated
cases, they are not completely diagnostic since
*10–15 % of all endometrial cancers have a
sporadic/non- germline-related MSI phenotype
that is caused by methylation of the MLH1 gene
promoter [45].

A small fraction of inherited endometrial cancer
cases can also be seen in Cowden syndrome and in
the polymerase proofreading- associated polypo-
sis (PPAP) syndrome [46]. Cowden syndrome is
caused by very rare inherited PTEN gene muta-
tions and has a cumulative lifetime risk of devel-
oping endometrial cancer that ranges from 19 to
28 % [47–50]. Women with Cowden syndrome
also have a high risk of developing breast (up to 50
% by age 70) and thyroid (up to 10 % by age 70)
cancers [47, 49–52]. Therefore, a family or per-
sonal history of breast and thyroid tumors could
help in establishing a diagnosis of Cowden syn-
drome [48]. We recently described the PPAP
syndrome, a condition that is associated with
tumors of the colon and endometrium (a syn-
dromic association also seen in Lynch syndrome,
see above), which results from rare mutations in
the polymerase epsilon (POLE) and delta
(POLD1) genes [53]. Endometrial cancers in
PPAP have been described in only a handful of
patients, who typically develop early onset disease
(age 35–55) and synchronic or metachronic col-
orectal tumors and cancers [53–55].

In summary, endometrial cancer cases can be
found in three familial syndromes (Lynch,
Cowden and PPAP) that are characterized by an
early onset and a higher risk of other malignant
conditions such as colorectal, breast or thyroid
cancers. The use of clinical, pathological, and
molecular information can be informative and
identify such patients who will benefit from
genetic counseling and testing, which can help
them minimize the risk of developing additional
malignancies through early detection.
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14.3.8.2 Low-Penetrance Risk
Variants

The genetic basis of endometrial cancer has been
recently investigated at the population level
using genome-wide associations (GWA) and
candidate gene studies. Two genomic regions,
near the HIF1B and TERT genes, have been
identified by these population-based studies and
harbor several independent endometrial cancer
risk variants [56–58]. Unlike very rare causal
mutations that result in familial syndromes, these
low-penetrance HIF1B and TERT variants are
very common in the population and are not
necessarily causal of endometrial cancer on their
own. However, the identification of
low-penetrance variants is important because
they highlight potentially important pathways,
such as hypoxia and telomere biology in
endometrial carcinogenesis. Furthermore, these
variants can be used in the future, in combination
with other clinical, genetic, and environmental
information, to improve risk prediction models
for early cancer detection [58, 59].

14.3.8.3 Somatic Genetics
Like most other tumors, endometrial cancers are
characterized by unique patterns of genomic
instability as well as by the presence of mutations
in oncogenes and tumor suppressor genes. Several
studies have found that endometrial tumors harbor
somatic mutations in well-established cancer
genes such as PTEN, FGFR2, ARID1A, CTNNB1,
PIK3CA, PIK3R1, and KRAS [60, 61]. Also, as
mentioned above, the MSI tumor phenotype, a
pattern of genomic instability that involves
mutations in di-, tri-and tetra-nucleotide repeats, is
found *15–30 % of all endometrial cancers [44,
45]. Our knowledge of endometrial cancer geno-
mics was greatly enhanced by the recent molec-
ular analysis carried out by The Cancer Genome
Atlas (TCGA) study [62], which performed a
multi-omic characterization of 373 endometrial
tumors that included 307 endometrioid, 66 serous
and 13 mixed histology cancers. These studies led
to the identification of four major endometrial
cancer subtypes including: (1) near-diploid and
ultra-mutated tumors with somatic POLE gene
mutations, (2) near-diploid tumors with MSI,

(3) genomically stable/microsatellite stable
tumors and (4) genomically instable/serous-like
tumors. The patterns of mutations and genomic
instability in these four tumor subtypes
appeared to be unique and provided an alternative
classification to that based on histological
features [62].

Near-diploid/POLE mutant tumors repre-
sented about 8 % of all endometrial cancer ana-
lyzed by the TCGA. All of these tumors had
endometrioid histology and were characterized
by the presence of mutations in the proofreading
domain (exons 9 and 13) of the POLE gene, a
region that was also found to be mutated in the
germline DNA of patients with PPAP syndrome
(see above) [46]. The lack of proofreading
capacity of POLE (a DNA polymerase) is likely
to explain why these tumors are characterized by
an extremely high mutation rate (*232 muta-
tions per megabase, the highest of all human
tumors) and why they are characterized by a
mutation signature that involves mostly G:
C > T:A transversions [46]. Interestingly, the
TCGA study, as well as more recent studies,
have provided evidence suggesting that
endometrial tumors with POLE mutations have a
relatively good prognosis, independent of other
clinical and histological variables, particularly
for high-grade tumors [53]. A recent study by
Church et al. [53], which assessed the prognostic
effect of POLE mutations in 1416 patients,
including 788 from two clinical trials, suggested
that POLE mutations could be used as a novel
biomarker to identify endometrial cancer patients
with a good prognosis that could benefit from
less intensive treatments.

The second group defined by the TCGA study,
which represented*28 % of all tumors, included
endometrial cancers with the MSI phenotype.
Consistentwith previous studies,MSI endometrial
tumors have a predominant endometrioid histol-
ogy and MLH1 silencing [62]. The third group of
TCGA tumors represented about 40 % of all
samples and included low-grade endometrioid
tumors that had a low mutation rate, microsatellite
stability, a low proportion of copy number
changes and a high frequency of β-catenin
(CTNNB1) mutations. Lastly, a genomically
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instable/serous-like tumor group was also identi-
fied by the TCGA study and was characterized by
extensive copy number variation and a very high
rate of TP53 mutations (which were rare in the
other three subtypes). Interestingly, this was a
histologically heterogeneous group which inclu-
ded all serous cancers as well as about 25 % of all
high-grade endometrioid tumors analyzed in the
study. The latter finding was significant as it sug-
gested that such a molecular subtype could benefit
from the therapies used for serous tumors, which
typically involves chemotherapy rather than
adjuvant radiotherapy [62].

In summary, recent advances in the genomic
characterization of endometrial tumors have
identified four major subtypes that offer an alter-
native to histological classification. The most
clinically relevant findings in this regard include
the identification of the POLE mutation group,
representing *8 % of all tumors, that have a
particularly good prognosis and that could benefit
from less aggressive treatment and the discovery
of a particularly aggressive type of endometrioid
tumors that will benefit from the chemotherapeutic
approaches used in serous tumors [62]. Further-
more, a plethora of therapeutic targets is now
available and will offer unique opportunities for

the future development of molecularly guided
treatments. While these observations need to be
tested under rigorous clinical trials, they represent
a unique opportunity for the establishment of
personalizedmedicine in endometrial cancer in the
coming years.

14.4 The Ovary

14.4.1 Histology of the Normal
Ovary

The ovary is lined by a single layer of low
columnar to cuboidal cells which have been come
to be known as “ovarian surface epithelium”
although in reality it is a specialized mesothelium
(Fig. 14.14). This surface layer commonly
invaginates to form cortical (or epithelial) inclu-
sion cysts which have lost their surface connec-
tions. Occasionally, invaginations of
transitional-type epithelium may be encountered.
These are known as Walthard nests (or rests).

As discussed above, the primary oocytes with
their surrounding specialized stromal (granulosa)
cells are known as primordial follicles
(Fig. 14.15). As the oocyte and its surrounding

Fig. 14.14 Ovarian
surface epithelium. The
ovarian surface is lined by
a single layer of low
columnar to cuboidal cells
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cells become larger, the primordial follicle transi-
tions into a primary follicle. As the surrounding
granulosa cells proliferate, a strongly eosinophilic
band forms around the oocyte—the zona pellu-
cida. Simultaneously, through inductive effects,
the cortical stromal cells immediately surrounding
the granulosa cells develop into the theca interna
and externa. The oocyte takes on an eccentric
position within the follicle structure, giving rise to
an antral (or Graafian) follicle. During reproduc-
tive years, one follicle will become dominant
during each ovulatory cycle and will continue to
grow into a dominant follicle. Immediately fol-
lowing the luteal surge (peak level of luteinizing
hormone) ovulation occurs, and the oocyte is lib-
erated into the peritoneal cavity. Following ovu-
lation, the granulosa cells—in response to
progestin stimulation—become enlarged with
pale eosinophilic cytoplasm. If pregnancy occurs,
the granulosa cells continue to enlarge and accu-
mulate eosinophilic material in the cytoplasm,
forming a corpus luteum of pregnancy
(Fig. 14.16). At the conclusion of the pregnancy,
the corpus luteum undergoes regression and
hyalinization to form a persistent structure: the
corpus albicans [63].

14.4.2 Non-neoplastic Disorders
of the Ovary

14.4.2.1 Follicle Cysts
If the luteal surge does not occur properly (which
commonly occurs around menarche and meno-
pause), follicle cysts lined by luteinized granu-
losa cells or theca cells may result [64]. They
typically are small (less than 4–5 cm),
thin-walled cysts with smooth surfaces, contain-
ing either blood or serous fluid.

14.4.2.2 Corpus Luteum Cysts
If a corpus luteum attains a diameter over 3 cm,
it may be termed a corpus luteum cyst. These
structures may rupture, leading to irritation of the
peritoneum.

14.4.2.3 Polycystic Ovarian Syndrome
(PCOS)

The hallmark finding is bilateral ovarian
enlargement with numerous small cystic follicles
surrounded by an eosinophilic collagenized
stroma. The etiology of the disorder is not known
and disease presentation may be variable with
infertility (due to persistent anovulation), obesity,

Fig. 14.15 Primordial
follicles. They are
composed of a primary
oocyte surrounded by a
single layer of flattened
follicular cells
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and hirsutism. Elevated levels of luteinizing
hormone are seen which are thought to stimulate
theca cells to synthesize excess androgens, some
of which are converted to estrogens; thus, these
patients may be susceptible to estrogen-driven
endometrial carcinomas [65, 66].

14.4.2.4 Stromal Hyperthecosis
(Cortical Stromal
Hyperplasia)

There is significant overlap in clinical presenta-
tion between PCOS and stromal hyperthecosis,
although the latter is more commonly seen in
postmenopausal women. In this case, there is
bilateral ovarian enlargement (up to 7–8 cm), but
instead of numerous cysts, there is proliferation
of luteinized stromal cells which are often
arranged in nests [67]. Clinically, women with
stromal hyperthecosis often display striking vir-
ilizing symptoms, along with obesity. Similar to
PCOS, patients with stromal hyperthecosis are at
increased risk of developing estrogen associated
endometrial carcinomas.

14.4.3 Ovarian Neoplasms

Ovarian cancer is one of the deadliest diseases in
the female genital tract with an incidence rate of
12.3 per 100,000 women per year in the US [23].
Sadly, the 5 year survival rate is only at 44.6 %
[23]. This high mortality rate is contributed
mainly by our inability to detect ovarian cancer
at an early stage. More than 70 % of the patients
with ovarian cancer present with late stage dis-
ease, where the tumor has already disseminated
throughout the abdominal and peritoneal cavities.
Surgical debulking and chemotherapy can pro-
duce complete response in some patients; how-
ever, many will relapse after a brief period of
treatment.

Clinically, the initial presentation of women
with ovarian neoplasms includes abdominal
enlargement, pain, swelling or vaginal bleeding.
However, many are discovered incidentally dur-
ing radiologic work-up for other diseases.
Ascites is more suggestive of a malignant tumor
as it is rarely seen in benign tumors.

Fig. 14.16 Corpus luteum
of pregnancy. Note the
eosinophilic cytoplasm of
the granulosa cells in
response to progestin
stimulation

14 Pathology and Molecular Pathology of Uterine and Ovarian Cancers 263



As the majority of malignant ovarian neo-
plasms are of epithelial origin, for the scope of this
chapter, rare cancers originating from germ cells
and sex-cord stromal cells will not be discussed.
Epithelial tumors are categorized as benign, bor-
derline (or atypical proliferative tumor), or
malignant. A malignant diagnosis is based on the
presence of invasion. In the sections below, com-
mon epithelial ovarian tumors will be discussed.

14.4.3.1 Serous Neoplasms
“Serous” is a term used to describe linings that
resemble fallopian tubal epithelium. Tradition-
ally, serous tumors were thought to arise from the
ovarian surface epithelium. However, recent data
has suggested that there are two distinct types of
serous carcinomas: low-grade and high-grade
[68]. Both low-grade serous carcinoma and ser-
ous borderline tumor harbor KRAS and BRAF
mutations; therefore, a serous borderline tumor is
considered the precursor lesion for low-grade
serous carcinoma [68, 69]. In contrast, high-grade
serous carcinoma harbors p53 mutation and often
presents at advanced stage. In addition, recent
developments have identified tubal intraepithelial
carcinoma in the fallopian tube as the precursor
lesion to high-grade serous carcinoma [70, 71].

Benign Serous Tumors
This is the most commonly encountered benign
epithelial tumor of the ovary. Patients often are
asymptomatic and the tumors are incidentally
found. Symptomatic patients typically present
with large ovarian masses. Histologically, the
tumor is lined by cuboidal to columnar, tubal-like
epithelium with minimal stratification
(Fig. 14.17). Oophorectomy is curative.

Serous Borderline Tumors
Serous borderline tumors (or atypical prolifera-
tive serous tumors) often present bilaterally and
occur a decade younger than high-grade serous
carcinomas. Histologically, this tumor type is
non-invasive and composed of hierarchically
branching papillae with cellular stratification and
tufting arranged in a complex architecture
(Fig. 14.18). The epithelial proliferation and
cytologic atypia are greater than those of benign
serous tumors. The nuclei show mild to moderate
atypia and mitoses are infrequent. As discussed
earlier, these are thought to represent the pre-
cursor lesion for low-grade serous carcinoma
[68, 69]. While most of these tumors have an
indolent course, extraovarian spread, recurrence,
and death can occur.

Fig. 14.17 Serous
cystadenoma. This benign
tumor is lined by ciliated
tubal-like epithelium
without nuclear atypia
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Low-Grade Serous Adenocarcinoma
This tumor is an invasive carcinoma with
low-grade cytology that often affects both ovaries.
This tumor is uncommon and represents*5 % of
all serous carcinomas. Patients tend to be a decade
younger when compared to high-grade serous
carcinoma. Histologically, this tumor has greater

architectural complexity and cytologic atypia
when compared to serous borderline tumor.
Invasion of the ovarian stroma is the defining
diagnostic feature for low-grade serous carci-
noma. Invasive tumor cells form small papillae
surrounded by stromal clefts (Fig. 14.19). It is not
uncommon to find a serous borderline tumor

Fig. 14.18 Serous
borderline tumor. There is
architectural complexity
and pseudostratification of
the nuclei (bottom). Serous
cystadenoma can be seen
on top of the figure

Fig. 14.19 Low-grade
serous adenocarcinoma.
Invasive small nests of
low-grade cells surrounded
by stromal clefts.
Psammomatous
calcifications can be
appreciated
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adjacent to a low-grade serous carcinoma,
supporting the notion that a serous borderline
tumor is the precursor lesion for low-grade serous
carcinoma. Clinically, this tumor is difficult to
treat as the tumor tends to recur and the
available chemotherapeutic agents are ineffective
[72].

High-Grade Serous Adenocarcinoma
This is the most common malignant neoplasm of
the ovary and occurs most frequently during the
sixth and seventh decade. The majority of
patients with high-grade serous carcinoma pre-
sent with advanced stage disease where the
tumor involves bilateral ovaries and has dis-
seminated throughout the abdominal and pelvic
regions. Histologically, this tumor demonstrates
complex papillary, glandular or solid architecture
with slit-like spaces (Fig. 14.20). Nuclei are
large and pleomorphic with prominent nucleoli
and numerous mitoses, including atypical forms.
Most of the time, the tumor involvement is so
extensive that invasion can be easily recognized
by its confluent growth pattern. Clinically, many
of these tumors respond to platinum-based
chemotherapeutic regimens; however, the
relapse rate is high with poor overall survival.

14.4.3.2 Mucinous Neoplasms
Mucinous tumors of the ovary are the second most
commonly encountered epithelial ovarian tumors
and account for *15 % of the surface epithelial
ovarian neoplasms in the western world. These
tumors encompass ovarian masses lined by muci-
nous epithelium, resembling those of gastroin-
testinal tract (intestinal-type) or endocervix
(endocervical-type or seromucinous- type). Simi-
lar to serous tumors, mucinous neoplasms are
divided into three general categories: benign
tumors, borderline tumors and malignant carcino-
mas. KRASmutation can be found in all three cat-
egories, suggesting the continuum of this disease.

Benign Mucinous Tumors
Benign mucinous neoplasms account for *80 %
of all mucinous ovarian tumors. The age range is
wide, however, they are more commonly seen in
reproductive age women. The majority of these
tumors are unilateral and cystic with an average
size of around 10 cm. However, large tumors
greater than 30 cm have been reported [73, 74].
Microscopically, the cyst is lined by columnar
cells with basally located bland nuclei and
abundant mucinous cytoplasm (Fig. 14.21).
There is minimal nuclear stratification or atypia.

Fig. 14.20 High-grade
serous adenocarcinoma.
The tumor forms
pseudoglandular spaces
and papillae. The cells have
high-grade nuclear
cytology and mitoses are
readily identified
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Mucinous Borderline Tumors
Mucinous borderline tumors consist of *15 %
of all mucinous neoplasms. This tumor is often
unilateral and seen in a wide age range with a
mean age of *45 years. When bilateral ovaries
are involved, a metastasis should be consid-
ered. The majority of mucinous borderline

tumors are stage I disease, and tend to have a
benign course with less than 1 % of recurrence
rate [75]. Histologically, the mucinous epithe-
lium shows nuclear proliferation and stratifica-
tion that forms various papillary folds and
architectural complexity (Fig. 14.22). Mild to
moderate nuclear cytologic atypia can be seen,

Fig. 14.21 Mucinous
cystadenoma. The cells
lining the cyst contain
mucinous cytoplasm with
basally oriented nuclei.
Stratification and nuclear
atypia are absent

Fig. 14.22 Mucinous
borderline tumor. The
tumor has complex villous
architecture and is lined by
cells with psedostratified
nuclei resembling an ade-
nomatous polyp of the
colon
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but there should be no evidence of stromal
invasion.

Mucinous Adenocarcinoma
Mucinous adenocarcinoma is uncommon and
represents only 3–4 % of all primary ovarian car-
cinomas. The age at presentation is comparable to
mucinous borderline tumors (a mean of 45 years).
Similar to mucinous borderline tumors, adeno-
carcinomas also tend to be unilateral; therefore,
when bilateral ovaries are involved, metastatic
disease has to be excluded. Most of these tumors
present as stage I disease where the tumor is lim-
ited to the ovary. Histologically, a diagnosis of
malignancy is based on the presence of stromal
invasion. Two types of invasion have been
described: expansile and infiltrative [75]. The
expansile type is more common with tumor
forming confluent back-to-back glands with min-
imal to no intervening stroma, creating amaze-like
pattern (Fig. 14.23). A cribriform pattern can also
be present. The infiltrative type is less common,
and demonstrates irregular nests of malignant
tumor infiltrating the stroma. It is common to see a
continuum of benign, borderline and

carcinomatous components in the same lesion
where KRAS mutations have been identified in
each component, suggesting KRAS mutation may
be an early event in mucinous carcinogenesis
[76, 77].

14.4.3.3 Endometrioid Neoplasms
Endometrioid tumors resemble glands and
stroma from the endometrium. The majority of
these tumors are malignant and unilateral. The
diagnostic criteria for borderline tumor and
malignancy are similar to EIN and endometrioid
type of endometrial carcinoma, respectively.

Benign Endometrioid Tumors
Benign endometrioid tumors are cystic ovarian
masses lined by benign endometrial epithelium
without endometrial stroma. These are uncom-
mon and typically unilateral. When the cyst is
lined by endometrial epithelium and underlying
endometrial stroma, the tumor is called an
endometrioma (or endometriotic cyst), which is a
more common lesion and frequently bilateral.
Hemorrhage is usually associated with this
lesion, which gives it a dark brown appearance

Fig. 14.23 Mucinous
adenocarcinoma. The
expansile type invasion
contains back-to-back
glands with minimal
intervening stroma
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(chocolate cyst). Some patients have concurrent
endometriosis elsewhere in the pelvis, causing
pelvic pain and infertility.

Endometrioid Borderline Tumors
An endometrioid borderline tumor is an uncom-
mon lesion and morphologically similar to EIN
of the endometrium with closely packed
endometrial glands lacking stromal invasion.
Cribriform architecture can occasionally be pre-
sent and squamous morules are frequently
observed in this tumor.

Endometrioid Adenocarcinoma
This is by far the most common ovarian neo-
plasm in the endometrioid group. The histologic
criteria for malignancy are similar to endometri-
oid adenocarcinoma of the endometrium show-
ing back-to-back glands with fusion of glands or
confluent cribriform architecture (Fig. 14.24).
The grading schema is the same as the
endometrial counterpart: <5 % solid pattern—
grade 1; 5–50 % solid pattern—grade 2; >50 %

solid pattern—grade 3. It is not uncommon to
find endometriosis associated with an adenocar-
cinoma.

In *15–20 % of endometrioid adenocarcino-
mas, a concurrent endometrial endometrioid
adenocarcinoma is present [78–80]. Most of these
patients show early FIGO stage I or II disease in
both the ovary and endometrium [81, 82]. In this
scenario, it is difficult to ascertain whether these
are synchronous primaries or metastasis from
either a primary ovarian or uterine malignancy.
When bilateral ovaries are involved or lympho-
vascular invasion is identified, a metastasis
should be considered. In the presence of precursor
lesions, a synchronous primary would be favored.
However, clinical and pathologic correlation is
needed to make this distinction. When the tumors
are confined within the uterus and ovary, the
overall prognosis is good [83].

14.4.3.4 Clear Cell Neoplasms
Clear cell neoplasms consist of epithelium lined
by cells with glycogen-rich clear cytoplasm.

Fig. 14.24 Endometrioid
adenocarcinoma. This
tumor shows back-to-back
glandular (right) and solid
(left) patterns
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Benign and borderline clear cell tumors are
exceedingly rare; therefore, they will not be
discussed in this chapter.

Clear Cell Carcinoma
Approximately 99 % of clear cell neoplasms
are clear cell carcinomas. This group consists of
*3 % of all epithelial neoplasms and is more
commonly seen in Japan in comparison to
western societies [84]. Patients usually present in
the fifth to seventh decade with a mean age of
55 years [84]. This disease is commonly unilat-
eral and associated with endometriosis [85]. The
microscopic appearance of these tumors displays
tubulocystic, papillary and solid architectures.
The tumor cells have a hobnail appearance
and contain high-grade nuclei with abundant
clear, or less commonly, eosinophilic cytoplasm
(Fig. 14.25). Recent studies have shown that
napsin A is highly expressed in ovarian clear cell
carcinomas and can help to differentiate them
from ovarian serous or endometrioid carcinomas
in difficult cases [86].

14.4.3.5 Transitional Cell Neoplasms

Brenner Tumor
A Brenner tumor is a benign neoplasm lined by
transitional-type epithelium resembling the
urothelial lining of the urinary tract. Most of

these tumors affect patients in fifth to seventh
decades. As most Brenner tumors are <2 cm in
size, the majority of the patients are asymp-
tomatic and the lesions are incidentally found
during investigation for other unrelated pelvic
conditions. Histologically, the tumor forms nests
of transitional-type epithelial cells with bland
nuclei that can have occasional grooves (what
some have called “coffee bean” nuclei) in a
background of fibromatous stroma (Fig. 14.26).
As these lesions are benign, complete
oophorectomy is curative.

Malignant Brenner Tumor
Malignant Brenner tumors are uncommon, con-
sisting of <5 % of all transitional differentiated
ovarian tumors. The tumor typically affects
patients older than 50 years. A malignant Bren-
ner tumor is an entity defined as a tumor which
morphologically resembles invasive urothelial
carcinoma of the urinary tract and is associated
with a benign or borderline Brenner tumor
(Fig. 14.27). Historically, tumors that consist
exclusively of invasive urothelial cells were
classified as transitional cell carcinoma. How-
ever, recent immunohistochemical and molecular
data demonstrate that “transitional cell carci-
noma” is not a distinct entity, but rather a poorly
differentiated form of serous carcinoma, or less
commonly, endometrioid carcinoma [87].

Fig. 14.25 Clear cell adenocarcinoma. a The tumor has papillary architecture with high-grade nuclei and clear
cytoplasm. b Hobnail cells and eosinophilic cytoplasm can also be seen
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14.4.4 Spread and Staging

Staging of ovarian cancers is based on the FIGO
and AJCC staging systems, which are similar.
These systems take into account the status of the

ovarian capsule (intact or ruptured) and the
involvement of ovarian surface, peritoneal fluid,
pelvic extension, and peritoneal metastasis out-
side the pelvis (including liver capsule metastasis
and/or regional lymph node metastasis) [88].

Fig. 14.26 Brenner
tumor. Bland appearing
transitional cell nest within
fibromatous stroma

Fig. 14.27 Malignant
Brenner tumor. The tumor
resembles high-grade
urothelial carcinoma of
the bladder with nests of
transitional epithelium
invading the stroma
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14.4.5 Genetics and Genomics

Ovarian cancers are heterogeneous groups of
tumors with various morphology and molecular
biology. As aforementioned, high-grade serous
carcinomas are typically associated with p53
alteration and low-grade serous carcinomas fre-
quently show BRAF and KRAS mutations.
Mucinous adenocarcinomas often carry KRAS
mutations, and less commonly, amplification of
c-erbB2 gene. Ovarian endometrioid adenocar-
cinomas have MSI, mutations in PTEN and
KRAS genes, and accumulation of β-catenin,
similar to the uterine counterpart. Clear cell
adenocarcinomas have PIK3CA and ARID1A
mutations, PTEN inactivation and up-regulation
of HNF-1β.

14.4.5.1 Familial Syndromes
Ovarian cancer is diagnosed in *22,000 women
every year in the US and represents the fifth most
common cancer in American women [89]. About
20 % of all ovarian cancer cases develop due to
inherited mutations [90]. Having a family history
of the disease is the most important and
well-established risk factor for ovarian cancer. It
has been estimated that having one first-degree
relative diagnosed with ovarian cancer increases
the risk of developing this gynecological malig-
nancy three-fold, compared to the risk of the
general population [91].

14.4.5.2 Breast and Ovarian Cancer
(BRCA) Syndrome

Among the 20 % of cases who develop ovarian
cancer due to inherited gene mutations of high
penetrance, about half harbor mutations in the
breast cancer susceptibility genes BRCA1 and
BRCA2. The lifetime risk of developing ovarian
cancer, by age 70, is 39 % in BRCA1 mutation
carriers and 11 % in BRCA2 carriers [92]. This
compares to a lifetime risk of *1.3 % of ovarian
cancer risk in the general population [89]. Most
cases with BRCA1 and BRCA2 mutations are
diagnosed with premenopausal ovarian cancer
while the average age of onset of this malignancy
in the general population is 63 years [23].
Therefore, both early onset and family history

suggest the presence of mutations in these genes.
The importance of mutations in BRCA1 and
BRCA2 in ovarian cancer is therefore very high.
In a recent evaluation, the US Preventive Ser-
vices Task Force (USPSTF) recommended that
“primary care providers screen women who have
family members with breast, ovarian, tubal, or
peritoneal cancer with one of several screening
tools designed to identify a family history that
may be associated with an increased risk for
potentially harmful mutations in breast cancer
susceptibility genes (BRCA1 or BRCA2). Women
with positive screening results should receive
genetic counseling and, if indicated after coun-
seling, BRCA testing” [93].

The importance of BRCA1 and BRCA2
mutations in ovarian cancer is two-fold. Besides
the important role in cancer susceptibility and
risk assessment, these genes are critically
involved in repairing DNA double-strand breaks,
which represents actionable information for
treatment by Poly (ADP-ribose) polymerase
(PARP) inhibitors. Indeed, in December 2014,
the FDA approved one PARP inhibitor, Olaparib,
as monotherapy for the treatment of
BRCA-related ovarian cancer.

14.4.5.3 Lynch Syndrome
Lynch syndrome, a common cause of colorectal
cancer caused by mutations in MMR genes, is
also a condition where ovarian cancer can be
diagnosed. Indeed, after colorectal and endome-
trial cancer, ovarian cancer is the third most
commonly diagnosed in Lynch syndrome
patients [40–43]. As in cancers associated with
BRCA1 and BRCA2 mutations, most of ovarian
cancer cases in Lynch syndrome are diagnosed in
young and premenopausal women. The life-
time risk of ovarian cancer in carriers of MMR
gene mutations has been estimated to be *7 %
or 7-fold higher than that of the general popula-
tion [40–42, 94]. Ovarian cancers in Lynch
syndrome tend to have endometrioid, serous or
clear cell histology [43].

14.4.5.4 Other Syndromes
Ovarian cancer is also rarely diagnosed in
familial cancer syndromes such as Peutz-Jeghers,
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Li-Fraumeni and ataxia telangiectasia [41],
although the rarity of these syndromes in the
population has not allowed reliable ovarian can-
cer lifetime risk estimates. More recently,
RAD51C and RAD51D, two closely related genes
that act in the homologous recombination DNA
repair pathway, have been associated with ovar-
ian cancer risk. Meindl and collaborators [95]
suggested that *1.3 % of BRCA1/2 mutation
negative BRCA families had mutations in
RAD51C. In another study, Loveday et al. [96]
found that mutations in RAD51B were associated
with a relative risk for ovarian cancer that was
6.3-fold higher than of the general population.
Because RAD51C and RAD51D act in the same
pathway as BRCA1 and BRCA2, it is possible
that patients with mutations in these two genes
may also benefit from PARP inhibitor treatment
[96].

14.4.5.5 Low-Penetrance Risk
Variants

GWA studies have been also used to investigate
the genetic susceptibility to ovarian cancer in the
general population. So far, 18 genomic regions
have been associated with increased risk of
ovarian cancer [97–103]. These low-penetrance
ovarian cancer risk alleles typically increase the
risk of developing ovarian cancer by *10–30 %
when compared to the risk in the general popu-
lation. Despite the large scale of the ovarian
cancer association studies (the latest study used
DNA samples from *70,000 individuals), the
18 known ovarian cancer genes only explain
*4 % of the heritability of the disease and
therefore are still unlikely to be useful on their
own to predict risk [103]. It is, therefore, possible
that there exist many more common risk alleles
with even weaker effect sizes or that most of
ovarian cancer cases in the population may be
explained by very rare variants of intermediate
penetrance [104]. The latter scenario, which
follows the “common-disease rare-variant
hypothesis” is likely to be further investigated
using genome-wide sequencing approaches
[104].

14.4.5.6 Common SNPs and the Risk
of Ovarian Cancer
in BRCA1 and BRCA2
Mutation Carriers

GWA studies have been also used to identify
common low-penetrance variants that modify the
phenotype of ovarian cancer patients who have
germline mutations in BRCA1 and BRCA2.
These efforts have been mainly led by the Con-
sortium of Investigators of Modifiers of
BRCA1/2 (CIMBA) [105]. CIMBA studies have
identified several SNPs that modify the risk of
ovarian cancer in BRCA1 and BRCA2 and have
shown that about half of the risk variants that
affect ovarian cancer risk in the sporadic ovarian
cancer (see above) also modify the risk to this
malignancy in BRCA1/2 mutation carriers [106–
108]. CIMBA studies have also shown that all
known modifier SNPs account for *7.5 % of the
ovarian cancer polygenic modifying variance in
BRCA1 mutation carriers [103] and suggest that
incorporating the information of polygenic scores
could improve risk prediction of ovarian cancer
among BRCA1/2 mutation carriers.

14.4.5.7 Somatic Genetics
Ovarian tumors are characterized by complex
mutation patterns, where the predominant muta-
tion driver is TP53, which is found to be mutated
in >90 % of all high-grade serous adenocarci-
nomas [109]. The second most commonly
reported somatic mutations in ovarian cancers are
in the tumor suppressor genes BRCA1 and
BRCA2, which are mutated in *15 % of all
high-grade serous adenocarcinomas. In the lar-
gest report of somatic mutations in ovarian can-
cer published to date, the TCGA study [110]
identified six additional cancer driver genes in a
sample of 489 high-grade serous ovarian ade-
nocarcinomas which included RB1, NF1, FAT3,
CSMD3, GABRA6, and CDK12. The frequency
of mutations in the latter genes ranged from
1.8 % for RB1 and GABRA6 to 19 % for CSMD3.
Collectively, these six newly identified genes
were mutated in 24% of all ovarian tumors
sequenced by the TCGA study. Interestingly,
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about half of all tumors analyzed by the TCGA
study showed either mutations or other somatic
defects in genes involved in DNA recombina-
tion. For example, about 24 % of the tumors
showed inactivation of either BRCA1 or BRCA2.
These findings suggest that most ovarian cancers
with homologous recombination deficiency
could benefit from targeted therapies that use
PARP inhibitors.

14.5 Summary

Traditionally, cancer therapeutics has been based
on the morphology, grade, and stage of the
tumors. However, with advances in molecular
techniques, our understanding of cancer biology
continues to evolve. The newly acquired infor-
mation from TCGA has allowed scientists to
identify important mutations that may play cru-
cial roles in cancer development that cannot be
readily visualized under the microscope. The
goal of this chapter is to introduce the readers to
cancer morphology and conclude with our cur-
rent understanding of molecular biology for
uterine and ovarian cancers. We hope the readers
will gain a deeper knowledge of cancer biology
through the understanding and appreciation of
both histology and molecular biology.
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15Brain Tumors—Epidemiology

Ayal Aizer and Brian Alexander

15.1 Introduction

While metastases to the central nervous system
(CNS) account for a large proportion of tumors
discovered clinically, the epidemiology associ-
ated with CNS metastases is closely related to the
tumor of origin so this chapter will focus exclu-
sively on primary tumors of the CNS. Primary
tumors of the CNS are both common and
heterogeneous in terms of clinical behavior.
A nontrivial percentage of the general population
likely harbor CNS tumors, but many are benign
tumors of questionable clinical significance. For
example, the Rotterdam Scan Study showed that
1.6 % of the general population harbors a benign
brain tumor, with meningioma (0.9 %), pituitary
adenoma (0.3 %), and vestibular schwannoma
(0.2 %) being the most common [1]. Other
studies have shown higher rates of such tumors
[2]. Many people with incidentally discovered
brain tumors are asymptomatic. Conversely,
malignant brain tumors such as glioblastoma are
associated with a very poor prognosis [3–5].
Prevalence and basic demographic information,

based on data from the United States (U.S.)
Surveillance, Epidemiology, and End Results
(SEER) program [6], for patients diagnosed with
common brain tumors is presented in Table 15.1.

Approximately one-third of primary CNS
tumors are located in the meninges, while the
supratentorium, ventricle, cerebellum, brainstem,
cranial nerves/cauda equina, pituitary gland, and
pineal gland account for 23, 1, 3, 2, 7, 3, and
14 % of tumors, respectively [7]. Tumors in
other parts of the CNS comprise the remainder
[7]. Patient age significantly impacts the distri-
bution of tumors of the CNS. Among patients 0–
4 years old, embryonal tumors/medulloblastoma
is the most common tumor of the CNS, while
between the ages of 5–14 years, 15–34 years,
and 35 years and above pilocytic astrocytoma,
pituitary adenoma, and meningioma are the most
common, respectively [7]. Histopathologic clas-
sification of CNS tumors show a diverse range of
diagnoses [8], most of which are relatively rare,
making epidemiologic associations difficult. This
chapter will therefore focus on two of the more
common tumors of the CNS, meningioma and
glioblastoma.

15.2 Meningioma

As noted above, meningioma represents the most
common intracranial brain tumor [1, 2]. Menin-
gioma originate from the dura that surround the
brain and spinal cord, often within the sites of
reflection (falx cerebri and tentorium cerebelli).
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The most important prognostic factor in patients
with meningioma is grade (see Fig. 15.1). World
Health Organization (WHO) grade I meningioma
are the most common type (Fig. 15.2) and are

associated with very high cure rates following
surgical resection. Many patients with presumed
grade I tumors discovered incidentally on imag-
ing may need no treatment at all. Historical series

Table 15.1 Estimated prevalence and demographic characteristics of primary brain tumors in year 2012, from
extrapolation of SEER data

Tumor Number Female
(%)

White
(%)

Black
(%)

Hispanic
(%)

Asian
(%)

Other
(%)

Meningioma 25,946 73 69 12 11 7 0

Pituitary 11,921 55 57 17 18 7 0

Glioblastoma 10,854 42 80 6 10 5 0

Nerve sheath 5932 52 74 6 10 10 1

Astrocytoma 3089 45 73 7 14 6 0

Other 2996 51 67 11 16 6 0

Mixed/unclassified glioma 1936 42 67 10 17 6 0

Hemangioma/hemangioblastoma 1571 53 69 11 12 8 0

Lymphoma 1464 43 63 10 17 10 0

Oligodendroglioma 1064 49 72 3 14 9 1

Ependymoma 1054 50 66 6 22 7 0

Pilocytic astrocytoma 1018 46 63 13 19 4 1

Glioneuronal 814 46 67 12 15 5 0

Medulloblastoma 664 38 54 9 30 5 1

Craniopharyngioma 557 51 49 19 18 13 1

Choroid plexus 168 47 62 9 19 11 0

Pineal 150 57 66 24 7 2 0

Chordoma/chondrosarcoma 50 57 71 0 29 0 0

Fig. 15.1 Overall survival
by grade in patients
diagnosed with
meningioma in 2003.
Source SEER
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suggest that approximately 7 % of patients pre-
senting with meningioma have WHO grade II
(i.e., atypical) lesions [9], while more modern
series, which incorporate the 2000 and 2007
WHO pathologic reclassification systems for
meningioma, suggest that an even higher pro-
portion may be atypical [10, 11]. WHO grade III
(malignant) meningioma represents the rarest of
the three entities, accounting for only a few
percent of cases. The prognosis for patients with
malignant meningioma is relatively poor.

15.2.1 Symptoms

Meningioma are often asymptomatic. Many are
diagnosed incidentally, typically for imaging
obtained for other reasons [1]. When symp-
tomatic, presenting symptoms may be nonspeci-
fic (headache, nausea, seizures) or may correlate
with the specific region of involvement of the
underlying brain. Frontal lobe lesions are asso-
ciated with mental status changes and weakness,
while dominant temporal lesions can cause
aphasia. Cerebellar tumors often cause ataxia and
gait disturbances. Occipital lesions can impact
vision while parietal lesions can cause problems
with higher order sensorimotor function. Lesions
in the skull base can be associated with cranial
nerve palsies, and spinal lesions can cause back
pain, numbness, weakness, gait disturbances, and

rarely bowel/bladder incontinence. Larger tumors
near narrow portions of the ventricular system
can cause obstructive hydrocephalus.

15.2.2 Diagnosis

Meningioma can be diagnosed via characteristic
findings on diagnostic imaging, such as
contrast-enhanced computed tomography (CT) or
magnetic resonance imaging (MRI). On CT some
meningiomas can calcify, and meningioma typi-
cally take up contrast. On MRI meningioma are
located extra axially, are typically isointense on
T1 precontrast imaging, and become hyperin-
tense in a typically homogeneous manner with
contrast administration. Contours are typically
smooth and well-defined. A dural tail may be
present, but dural tails can be seen in other
entities as well, such as lymphoma, sarcoidosis,
and chloroma.

15.2.3 Management

Small, incidentally discovered meningioma can
typically be monitored with surveillance imag-
ing, as the growth rate is often 1 mm/year or less,
and some lesions may never grow [12, 13].
Treatment for symptomatic lesions, large lesions,
or observed lesions which grow significantly in
patients with otherwise favorable prognoses
entails maximal safe resection as a first step. The
impact of extent of resection on survival and
recurrence in patients with meningioma has been
most notably demonstrated by Simpson for
benign meningioma, with emphasis on the neg-
ative prognostic influence of trace residual dis-
ease in the dural tail or venous sinuses [14].
Apart from grade, extent of resection represents
the most important prognostic factor for patients
with meningioma [15–17].

Adjuvant management typically depends on
the grade and extent of resection. WHO grade I
lesions that are gross totally resected should be
observed, and observation is reasonable for many
subtotally resected lesions as well. Whether to
offer radiation therapy to patients with gross

Fig. 15.2 Distribution of WHO grade among patients
with newly diagnosed meningioma in 2012. Source SEER
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totally resected WHO grade II meningioma
remains controversial, but several series support
a local control benefit with radiation in such
settings [18–20]. Generally, patients with subto-
tally resected WHO grade II meningioma and all
patients with WHO grade III meningioma should
receive radiation, given the very high rates of
recurrence in such populations. Systemic therapy
has marginal efficacy and is usually reserved for
multiply recurrent lesions. Hormonal agents,
chemotherapy, platelet-derived growth factor
inhibitors, angiogenesis inhibitors, epidermal
growth factor inhibitors, somatostatin analogs,
interferon, and other agents have been tested in
patients with advanced/recurrent meningiomas,
often with disappointing results [21–23].

15.3 Epidemiology
of Meningioma

15.3.1 Prevalence and Incidence

As discussed above, meningioma are very com-
mon among the general population, with MRI
studies indicating that 1–2 % of the population
harbors a meningioma [1, 2]. Vernooij et al. [1]
as part of the Rotterdam Scan Study, prospec-
tively performed thin-slice (1.6 mm), 1.5 T
MRIs of the brain in approximately 2000 indi-
viduals in the general population with a mean age
of 63 years. The study found a prevalence of
meningioma of 0.9 %; ranging in size from 0.5 to
6.0 cm [1]. Notably, contrast was not given, and
scans were initially read by radiology or neu-
rology residents and abnormal findings were
reviewed by neuroradiologists. Both schema may
have led to underestimation of the true preva-
lence of meningioma. The incidence of menin-
gioma has been estimated to be 7.8/100,000 per
year, although the rate in men (2.9/100,000) is

significantly lower than in women
(13.0/1000,000) [24]. Many are incidentally
found.

15.3.2 Mortality

Most meningioma will have minimal clinical
impact. Detailed population-based estimates for
mortality rates are lacking. WHO grade I
meningioma are typically cured with surgery
alone, with radiation typically reserved for
recurrent disease. Death due to a WHO grade I
meningioma is rare. WHO grade II tumors, and
especially WHO grade III tumors, carry a more
significant mortality risk (Fig. 15.1), warranting
aggressive treatment with maximal surgical
resection and often adjuvant radiation therapy.

15.3.3 Risk Factors

15.3.3.1 Sex
Most meningioma occur in women (Table 15.2).
In the Rotterdam Scan Study, the prevalence of
meningioma varied by gender (1.1 % in women;
0.7 % in men). Autopsy studies have also shown
that meningioma more commonly occur in
women, by a factor of up to 3:1 [25]. Among
patients diagnosed with a meningioma in 2012,
per the SEER database, 73 % were female [6].
Notably, the female preponderance was primarily
for WHO I tumors; patients with WHO III
tumors were 50 % female. Spinal meningioma
may be especially more likely to occur in females
as well.

15.3.3.2 Race
Meningioma may be slightly more common in
patients of African American race, relative to
white race. Rates in Asian Americans may be

Table 15.2 Gender
distribution among patients
with WHO grade I, II, and
III meningioma, SEER
data, 2004–2012

Meningioma grade Male (%) Female (Number, %)

WHO I 28 72

WHO II 44 56

WHO III 50 50
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lower. Aggregated data from Central Brain
Tumor Registry of the U.S. (CBTRUS)/SEER
from 2006 to 2010 reveal an age-adjusted inci-
dence (as stratified by race) of 7.2/100,000 for
whites, 8.8/100,000 for African Americans, and
5.1/100,000 for Asian Americans. Rates in His-
panic Americans appear to be similar to whites,
with an incidence of 7.3/100,000 [7].

15.3.3.3 Age
The risk of meningioma appears to increase with
age. In the Rotterdam Scan Study, the prevalence
of meningiomas increased from 0.5 % in those
age 45–59 years to 1.6 % in persons 75 years of
age or older. Autopsy studies have shown that
the risk of meningioma indeed increases with age
[25]. Among patients diagnosed with a menin-
gioma in 2012 per the SEER database, 1, 6, 30,
43, and 20 % were age <20, 20–39, 40–59, 60–
79, and ≥80 years of age, respectively [6]. There
does not appear to be an association between age
and grade of meningioma, per the SEER data.

15.3.3.4 Neurofibromatosis Type 2
Neurofibromatosis type 2 is an autosomal dom-
inant condition that predisposes patients to the
development of multiple intracranial neoplasms
such as vestibular schwannomas (often bilateral),
ependymal tumors, and intracranial/spinal
meningioma. Patients can often present with
cataracts, retinal hamartomas, and
cutaneous/subcutaneous tumors. The condition is
caused by a mutation in the NF2 gene, which
codes the protein merlin, a tumor-suppressor
gene. Estimates of prevalence have ranged from
1:25,000 to closer to 1:100,000 [26–28]. When
meningioma are present in a patient with neu-
rofibromatosis type 2, they are often multiple.
Meningioma in such patients often develop by
the patient’s early 20s, with increasing preva-
lence as age increases. Most patients will develop
meningioma should they live to late adulthood,
and meningioma in this population are more
likely to be atypical or malignant [29, 30].

15.3.3.5 Ionizing Radiation
Ionizing radiation represents one of the strongest
risk factors for the development of meningioma,

particularly when given in childhood. The
latency period between receipt of radiation and
development of meningioma is often long. Tay-
lor et al. [31] followed approximately 13,000
patients in Great Britain diagnosed with cancer
when they were less than 15 years of age,
between 1940 and 1991. The most common
intracranial tumor that developed was a menin-
gioma. The risk of meningioma increased
strongly, linearly, and independently with dose
of radiation to meningeal tissue. Those whose
meningeal tissue received 0.01–9.99, 10.00–
19.99, 20.00–29.99, 30.00–39.99, and ≥40 Gy
had risks (of development of meningioma) that
were twofold, eightfold, 52-fold, 568-fold, and
479-fold, respectively, as compared to those
whose meningeal tissue was unexposed to radi-
ation. Of note, receipt of intrathecal methotrexate
was also linked to the development of menin-
gioma in this study [31]. The Childhood Cancer
Survivor Study, which followed patients treated
for pediatric malignancies, concluded that radia-
tion exposure was significantly associated with
the development meningioma (Odds Ratio
(OR) 9.94, 95 % Confidence Interval (CI) 2.17–
45.6) [32]. Other studies of patients treated with
therapeutic radiation involving the CNS have
also identified higher than usual rates of devel-
opment on meningioma in patients, often with a
significant latency of years—decades [33].

Patients exposed to radiation for reasons other
than cancer also appear to be predisposed to
development of meningioma. Follow up of
patients treated with radiation as part of the
therapeutic regimen for tinea capitis display
higher rates of meningioma, with a long latency
from the delivery of radiation to the development
of meningioma [34]. Atomic bomb survivors
have similarly displayed higher rates of devel-
opment of meningioma, also in a dose dependent
manner [35]. Whether the lower doses associated
with medical/dental imaging can contribute to the
development of meningioma is more controver-
sial. Several studies have examined this issue and
there is some evidence for a correlation [36–38].
However, whether more modern imaging tech-
niques, which often use lower doses, are asso-
ciated with meningioma is more debatable.
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Unfortunately, radiation-induced meningioma
tend to be more aggressive than sporadic
meningioma [39, 40]. The higher incidence of
meningioma after radiation to the CNS as well as
the potentially poorer prognosis associated with
such tumors should promote clinicians to mini-
mize diagnostic and therapeutic radiation expo-
sure to patients.

15.3.3.6 Hormones and Body Mass
Index

Meningioma tumors may contain progesterone,
estrogen, and androgen receptors. Benson et al.
[41] recently conducted a meta-analysis of pub-
lished studies evaluating the relationship between
menopausal hormonal therapy and the develop-
ment of meningioma. The authors found that
estrogen increased the risk of meningioma (Rel-
ative Risk (RR) 1.31, 95 % CI 1.20–1.43) rela-
tive to patients who did not use estrogen, but
combined estrogen–progestin hormonal treat-
ment did not (RR 1.05, 95 % CI 0.95–1.16).
Additional evidence linking hormones and
development of meningioma relates to higher
rates of meningioma in obese patients, given the
link between adiposity and hormonal levels [42,
43].

15.4 Glioblastoma

Glioblastoma represents one of the most com-
mon intraparenchymal tumors of the CNS. The
prognosis for patients with glioblastoma is
extremely poor [4, 5] and long-term survival is
unfortunately uncommon. With aggressive
treatment in favorable prognosis patients, 2–
10 % of patients may survive five years or
longer. Although treatment advances have been
made, durable treatment options for patients with
glioblastoma remain lacking.

15.4.1 Symptoms

Unlike patients with meningioma, most patients
with glioblastoma present to medical attention as

a result of symptoms. When symptomatic, pre-
senting symptoms may be nonspecific (headache,
nausea, mental status changes, and seizures) or
may correlate with the specific region of
involvement of the underlying brain. In addition,
the invasive and sometimes diffuse nature of
glioblastoma often results in compromise of
performance status and reduced ability to com-
plete activities of daily living.

15.4.2 Management

The current management of glioblastoma in
non-elderly patients with a good performance
status, based on published randomized controlled
trials, includes maximal safe resection with
adjuvant temozolomide-based chemoradiation
followed by additional chemotherapy [44, 45]. In
elderly patients or patients with poor perfor-
mance status, an abbreviated course of radiation
without concurrent chemotherapy [46] or
chemotherapy alone [47, 48] may be viable
options. O6-methylguanine–DNA methyltrans-
ferase (MGMT) promoter methylation status may
be an important predictor of the response to
chemotherapy [49].

15.5 Epidemiology
of Glioblastoma

15.5.1 Incidence

Glioblastoma represents the most common
intraparenchymal brain tumor. Age-adjusted
incidence of glioblastoma, the most common
type of glioma in adults, ranges from 0.59 to 3.69
per 100,000 persons [50]. The SEER data sug-
gests that 11,000 cases were diagnosed in 2012,
although this figure may be an underestimate
given that some cases of glioblastoma are cate-
gorized under other types of glioma (Table 15.1).
Approximately 20,000 cases of glioma are
diagnosed per year in the U.S. (Table 15.1),
accounting for 28 % of all intracranial tumors
and 80 % of malignant brain tumors [7].
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15.5.2 Mortality

The prognosis for patients with glioblastoma is
unfortunately very poor [3–5]. A landmark clin-
ical trial of surgery followed by
temozolomide-based chemoradiation and then
adjuvant temozolomide alone yielded a median
survival of 14.6 months, even though all patients
in this study were ≤70 years of age and most had
a favorable performance status [45]. The prog-
nosis in elderly patients and patients with a poor
prognosis is significantly worse [46, 48]. SEER
data depicting survival over time among patients
diagnosed with a glioblastoma in the year 2007
are presented in Fig. 15.3. The median survival
in this cohort was only 6 months. The presence
of MGMT promoter methylation appears to be
one of the most favorable prognostic factors, and
also predicts response to temozolomide-based
therapy [49].

15.5.3 Risk Factors

15.5.3.1 Sex
Male sex represents a slight risk factor for
development of glioblastoma, as indicated by the
SEER data (see Table 15.1). As a result, most
clinical trials evaluating patients with glioblas-
toma have also reflected this male predominance
[44, 45, 48].

15.5.3.2 Race
The SEER data suggests that, more than any
other type of brain tumor, patients diagnosed
with glioblastoma are more likely to be white
(see Table 15.1) [51].

15.5.3.3 Age
The risk of glioblastoma increases with age [51].
Most patients are diagnosed after the age of
60 years [48, 52]. Moreover, the incidence of
glioblastoma in the elderly appears to be
increasing at a faster rate [53, 54], although how
much of this increase is accounted for by the
increasing use of MRI remains unclear [54].

15.5.3.4 Ionizing Radiation
Ionizing radiation represents one of the most
clearly defined risk factors for the development
of glioblastoma. The Childhood Cancer Survivor
Study, which followed patients treated for pedi-
atric malignancies, concluded that radiation
exposure was significantly associated with the
development of glioma (OR 6.78, 95 % CI 1.54–
29.7), as compared to no radiation exposure [32].
Medical diagnostic imaging may also increase
the risk for glioma, although studies have yielded
conflicting results [55, 56]. In one study, the
relative risk of developing a brain malignancy in
patients receiving a mean dose of only 6 cGy of
exposure was 2.82, as compared to those
receiving no radiation [56].

15.5.3.5 Occupational Exposures
Certain occupations have been linked to the
development of gliomas. A Swedish study link-
ing cancer incidence with occupation identified
an association with certain occupations and
malignant gliomas [57]. These occupations were
not statistically significantly linked in any readily
apparent way (e.g., public prosecutors and brick
and tile workers). Patients whose primary occu-
pation exposes them to pesticides may display
higher rates of development of brain tumors [58,
59], although studies have yielded conflicting
results [60]. Mixed data exist linking electric
workers with the development of brain tumors
[61–63].Fig. 15.3 Overall survival of patients diagnosed with

glioblastoma in 2007. Source SEER
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15.5.3.6 Allergies
Allergic conditions such as asthma, hay fever,
eczema, and food allergies seem to decrease the
risk of development of malignant gliomas and
meningioma. Linos et al. [64] conducted a
meta-analysis of eight observational studies,
encompassing 3450 patients with glioma. They
found that a history of atopy was inversely cor-
related with the development of glioma, with
pooled relative risks for the development of
glioma in patients with allergies, asthma, and
eczema of 0.61, 0.68, and 0.69, respectively (all
highly significant), as compared to those without
any history of allergy [64].

15.5.3.7 Genetic Factors
Patients with certain genetic conditions are at
increased risk for developing malignant gliomas.
These conditions include neurofibromatosis type
1, Turcot Syndrome, Li-Fraumeni syndrome,
melanoma-neural system tumor syndrome, and
Ollier disease/Maffucci syndrome [50]. How-
ever, the above syndromes cannot explain all
familial cases of glioma and research to identify
novel mutations is ongoing [65].

15.6 Other Potential Global
Risk Factors for Brain
Tumors

15.6.1 Cellular Phones
and Radiofrequency
Exposure

Cellular phones expose users to radiofrequency
electromagnetic fields (RF-EMF) and the possi-
ble association with brain tumors has been
studied extensively. In 2011, the International
Agency for Research on Cancer (IARC) sum-
marized their review of the available literature
and concluded that RF-EMF was “possibly car-
cinogenic to humans” (Group 2B) based on
limited evidence of associations with glioma and
vestibular schwannoma in human and animal
studies [66]. IARC acknowledged that there was
weak evidence to hypothesize a causative
mechanism for RF-EMF. RF-EMF is distinct

from ionizing radiation in that there is not free
radical and DNA damage resulting from expo-
sure. IARC considered evidence from time-trend
studies, one cohort study [67], and five
case-control studies [68–72]. The time-trend
studies and three of the case-control studies
[69, 71, 72], while showing no association
between brain tumor risk and RF-EMF, were felt
to be generated at a time when exposure was low
and latency periods were not long enough to see
meaningful evidence. The largest and most
well-designed of the remaining two case-control
studies was the INTERPHONE study, an
interview-based study with 2708 glioma and
2409 meningioma cases and matched controls
that was conducted in 13 countries using a
common protocol that was coordinated by IARC
[68]. Overall, the authors concluded that there
was no increased risk of glioma or meningioma
observed with the use of mobile phones. There
was a suggestion of an association of elevated
glioma risk with heavy cell phone users, but the
authors suggested this may be related to biases in
generating the data. For example, there was also
a lower overall risk of glioma among regular
users of cell phones in comparison to non-regular
users making the data difficult to interpret. Nev-
ertheless, IARC considered the high-exposure
data in forming their recommendations along
with that of another pooled analysis of two
case-controlled studies. Hardell et al. [70]
reported a pooled analysis of two Swedish
studies and showed that use of a cellular phone
was associated with development of malignant
brain tumors, though the methods and results
have been questioned by some [50]. Since the
publication of the IARC report, an update of the
large Danish cohort study of 358,403 people
continued to show no association of cell phone
use and the development of brain tumors [73].
Additionally, the United Kingdom (U.K.) Mil-
lion Women Study analyzed a prospective cohort
of 791,710 women and found no association
between glioma and >10 years of cell phone use
[74].

Ultimately, given the limited follow up in the
above studies and the long latency between
radiation exposure and tumorigenesis, longer
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follow up may be needed in order to more defi-
nitely determine whether the radiofrequency
exposure attributable to cellular phone use has a
causal relationship with the development of brain
tumors. For the present, however, there is no
conclusive evidence to suggest a link between
brain tumor development and RF-EMF.

15.6.2 Electromagnetic Radiation

Electromagnetic radiation has not been defini-
tively shown to predispose patients to the devel-
opment of brain tumors. An early epidemiologic
study linked electric wiring configurations to
brain tumors in pediatric patients [75]. Another
early study of patients with jobs in the electrical
and electronics industry also linked exposure with
the development of brain tumors [62]. However,
other studies have not suggested such an associ-
ation. Preston-Martin et al. [76] conducted a
case-control study involving approximately 600
children with and without primary brain tumors.
They quantified the intensity of the magnetic
fields by mapping and coding the wiring config-
urations outside the home and by taking a series
of exterior spot and profile measurements, and
ultimately found no association linking pediatric
brain tumors with the magnitude of these fields.
Kheifets et al. [77] evaluated nine studies exam-
ining the relationship between electromagnetic
fields and brain tumor incidence among pediatric
patients and concluded that the data do not sup-
port such an association.

15.6.3 Diet

N-nitroso compounds have been linked to the
development of benign and malignant brain
tumors and are found in tobacco smoke, cured
meats, rubber products, soaps, shampoos, and
other products as well. They can also be made
endogenously. Cured meat ingestion has been
linked with development of malignant glioma and
meningioma in several studies [78, 79]. Con-
versely, fruits, vegetables, and vitamins appear to

be associated with lower risk of development of
such tumors [80–82]. Tobacco and alcohol have
not been as definitively associated with the
development of brain tumors, although studies
have yielded conflicting results [83–85].

15.7 Summary

Tumors of the CNS are both common and
heterogeneous in terms of their nature, aggres-
siveness, clinical impact, and risk factors. Each
histology likely possesses a somewhat unique set
of predisposing features.
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16Pathology and Molecular Pathology
of Brain Cancer

Keith L. Ligon, Kim Wilkinson and Charles D. Stiles

16.1 Introduction

In the accompanying chapter, the clinical picture,
risk factors, and epidemiology of several central
nervous system (CNS) cancers were discussedwith
a focus on high-grade gliomas in adults. The salient
point of these preceding sections is that high-grade
gliomas are infrequent but lethal. Anaplastic
astrocytomas or malignant gliomas (WHO grades
III and IV) account for less than 1.5 % of all new
cancers reported in the United States (US) each
year [1]. However, these cancers can never be
completely resected by surgery and they are noto-
riously resistant to radiotherapy and genotoxic
drugs. For these reasons, astrocytic tumors are the
third leading cause of cancer-related deaths among
middle-aged men and the fourth leading cause of
death for women between 15 and 34 years of age
[2]. For children, the impact of astrocytomas is

likewise severe. Primary cancers of the brain have
recently surpassed leukemias as the number one
cause of cancer-related deaths in children and
astrocytomas are the most common type of brain
cancer in children. Pediatric astrocytomas tend to
be lower in grade and less aggressive than their
adult counterparts. Unlike high-grade gliomas in
adults, some pediatric astrocytomas can be cured
by surgery and others respond well to radiation or
chemotherapy. However, the clinical sequelae of
surgery, radiation, and genotoxic drugs on growing
children can be significant. In this chapter, we
introduce readers to contemporary concepts in the
biology and pathobiology of these tumors with
special emphasis on the interface between brain
development and cancer.

16.2 Embryology and Embryonic
Stem Cells

As introduced in Chap. 3, the skin and nervous
system are derived from the ectoderm layer of the
developing embryo. In the third week of devel-
opment, the neural plate, the anlage of the entire
nervous system, forms along the dorsal aspect of
the embryo. This neural plate folds to form a
central groove, eventually forming the neural
tube, which later differentially proliferates in
segmental order to give rise to the brain and
spinal cord. In contrast, the membranes that
eventually surround the brain and spinal cord
(i.e., the meninges) arise from both the meso-
derm layer surrounding the neural tube (dura),
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and from the neural crest cells which delaminate
to give rise to the leptomeninges and other
structures (pia and arachnoid).

Analogies have been drawn between the
development of blood (i.e., hematopoiesis) and
development of the nervous system (i.e., neu-
ropoiesis) [3]. In both tissues, a variety of lineage
committed neural and hematopoietic stem cells
originate from undifferentiated embryonic stem
cells (ESC) during formation of the embryo and
the neural plate. These lineage-restricted stem
cells have the capacity to self renew but also to
produce progeny cells with an even more
restricted developmental potential [3]. In the
embryonic brain, the neural stem cells reside in
the ventricular zone region lining the entire ven-
tricle of the developing brain and give rise to all
constituents of the newborn brain including neu-
rons, astrocytes, and oligodendrocytes.

At one time, it was believed that analogies
between formation of blood and formation of
brain broke down at birth. Formation of new
blood cells continues throughout life whereas the
brain was believed to be an organic “fait accom-
pli” at birth or shortly after birth. However, that
distinction between blood and brain was put to
rest with the discovery of replication-competent
neural stem cells in the postnatal brain in the early
1990s [4]. It is now widely conceded that in
rodents, and perhaps to a lesser degree in humans,
new olfactory neurons are produced continually
from neural progenitor cells in the subventricular
zone of the postnatal brain [5, 6]. Also in both
mouse and man, neuronal turnover with birth of
new neurons is observed locally within the adult
dentate gyrus (for reviews see [7–9]). Addition-
ally, oligodendrocyte progenitor cells, a.k.a. NG2
positive glia, are broadly distributed in the adult
brain where they constitute the most abundant
mitotically active cell type [10].

16.3 Anatomy and Histology
of the Brain

Not surprisingly given its function, the brain
exhibits greater diversity in its anatomical struc-
tures than any other organ in the human body.

The brain is generally divided into several
structures of relevance for categorization of the
tumors: the dura and meningeal coverings; the
frontal, temporal, parietal, and occipital lobes;
the cerebellum; the brainstem; and the spinal
cord and peripheral nerves.

The dura and other meninges are the outermost
surface of the brain. They are not the technical
part of the brain but instead cover the brain and
are derived from the mesodermal germ layer with
only a minor component derived from the neural
crest cells of the neuroectoderm. As such, they
contain distinctly different cell types than those
seen within the brain parenchyma. The dura mater
is the outermost layer and is a strong protective
connective tissue covering composed of numer-
ous fibroblasts and blood vessels in a highly
structured and dense arrangement. Intimately
associated with these elements are the
meningothelial cells which line the inner surface
of the dura and are the presumed origin of a
majority of meningioma tumor types. The next
layers are the arachnoid and pia that together are
commonly referred to as the leptomeninges
(Fig. 16.1a). These thin membranes cover nearly
the entire surface of the brain and spinal cord.
Currently, it is not formally known as to what
degree they give rise to meningeal or other tumors
but may serve to produce some of the more rare
types compared to those associated with the dura.

The brain parenchyma proper is segmented
into lobes which each can be affected by all
major primary brain tumor types. However, the
frequency of each tumor type can vary signifi-
cantly based on location and the relative abun-
dance of particular cell lineages. Each lobe
contains a similar overall architecture with an
outermost gray matter layer that consists of a
cortical ribbon containing a large number of
neurons relative to glia. Below this layer is the
white matter that consists of a vast number of
glia including myelinating oligodendrocytes and
astrocytes (Fig. 16.1b and c, respectively).
Throughout the brain, the NG2-cells represent
the largest mitotically active cell population
within the brain, and are OLIG2-expressing
oligodendroglial progenitors [11]. The white
matter serves as a “superhighway” of axons but
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very few neuronal bodies and is more abundant
than the gray matter overall. The different inci-
dence of cell types and different progenitor types
within each region of the brain is thought to be
the basis for differences where each brain tumor
most commonly arises. Oligodendrogliomas
arise most frequently in regions of the frontal
lobes where white matter is most abundant.
Astrocytomas or glioblastomas are felt to arise
more frequently from deeper locations around the
ventricles presumably closer to where stem cells
of the brain reside. Such patterns have recently
also been supported based on imaging studies of
brain tumor growth patterns [12].

The brainstem and cerebellum are some of the
most primitive and basic functional regions of the
brain, and together reside in the area of the cra-
nium termed the posterior fossa. While adult pri-
mary brain tumors rarely arise in either of these
regions, these structures are one of the most fre-
quent sites of primary brain tumors within chil-
dren. This is possibly due to the normally late
stem and progenitor cell development that occurs
in these structures [13]. The spinal cord extends
for most of the length of the spinal canal and
contains similar anatomic structures and cell types
of neurons, astrocytes, and oligodendrocytes as is
seen in other regions of the brain. The spinal cord
is an infrequent site for tumors in adults and
children although several specialized types of
tumors are known to occur there, some almost
exclusively (e.g., myxopapillary ependymoma).

16.4 General Neuropathology
Principles

16.4.1 Brain Tumor Classification

Brain tumors were first classified based on the
resemblance of their microscopic cell morphol-
ogy to normal mature cell types and structures
within the brain (Fig. 16.1). The first widely
employed classification system was established
in this manner by Bailey and Cushing who were
particularly struck by the similarities of brain
tumor cells to normal differentiated cells and
undifferentiated progenitor cells of the develop-
ing brain [14]. The names most commonly used
today still derive from their conventions with the
“blastoma” terminology a reminder of the origi-
nal developmental perspective. This strategy for
classification was a useful one for many years,
and as the development of the brain and its
tumors has become better understood it is even
more clear that the tumors resemble earlier stages
of developing progenitor or neural stem cells
more than they have analogy to differentiated cell
types [15].

Histomorphologic assessment remains the
most widely used biomarker classification of
brain tumors in clinical practice. This is one of
the most important functions performed by
pathologists in their care of patients with
important distinctions made by the initial

Fig. 16.1 Histological features of normal cell types
within the brain. a Arachnoidal collection of meningeal
cells and psammomatous calcification similar to those
seen in meningiomas, b oligodendrocytes within white

matter with perinuclear halos analogous to those seen in
oligodendrogliomas, c reactive astrocytes with eosinophi-
lic cytoplasm similar to that in astrocytomas
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assignment of tumors as gliomas versus other
tumor types. This assessment is based on
microscopic examination of hematoxylin and
eosin (H&E) staining which is the standard
approach to the pathologic evaluation of most
cancers. Tumors are first assessed for the class of
the tumor that is commonly referred to as the
diagnosis (Fig. 16.2). Some of the most common
diagnoses or classes of primary brain tumors are
gliomas (glioblastoma, astrocytoma) or menin-
giomas but the range of diagnostic categories is
extremely broad and there are currently more
than 100 distinct brain tumor types recognized by
the WHO classification schema [16]. Many of
these are rare tumors with distinct appearances
and biology associated with them, particularly
those that occur in children.

16.4.2 Brain Tumor Grading

Once a class of tumor lineage has been specified,
then the associated grading criteria are applied to
the tumor. As such the grade can only be accu-
rately assigned once a tumor class or classes have
been decided upon (Fig. 16.2). Grading criteria
are most commonly based on the degree of cel-
lularity, atypia, nuclear size relative to the cyto-
plasm, and degree of proliferative or mitotic
activity. The higher the histologic grade, then the
more aggressive the tumor is generally and with

a less favorable prognosis implied with respect to
recurrence risk or survival metrics. The WHO
grading assignments are from Grade I to
Grade IV with the higher the number the more
aggressive the tumor appears. Tumors sometimes
contain more than one grade type, and in these
instances, the highest grade determines the
overall grade of the tumor, even if most of the
tumor is made up of low-grade cells. While some
general categories of tumors are felt to progress
with recurrence or time to a higher histologic
grade as part of their natural progression, (e.g.,
Grade II diffuse astrocytoma progressing to a
Grade III anaplastic astrocytoma) most tumors do
not have more than one associated grade or show
progression. The clinical course of each grade
can be varied but generally WHO Grade I brain
tumors are slow growing and often curable by
surgical resection alone if completely excised,
while Grade IV lesions grow rapidly and are fatal
diseases if not treated.

16.4.3 Brain Tumor Staging

One of the more unique aspects of brain and
spinal cord tumors is that they rarely spread or
metastasize to other parts of the body. This is
hypothesized to be due in part to the blood–brain
barrier or other specialized aspects of the brain
vasculature. However, circulating GBM and other

Fig. 16.2 Diagnostic approach and tools used in neu-
ropathology practice. Gray bubbles indicate the workflow
of assigning brain tumor class and grade by morphologic
assessment. Such assignments lead to information on

treatment and prognosis for individual patients. In blue
are the clinical tools commonly utilized in modern
pathology practice to aid in classification and prognostic
assignment of patients and their tumors
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tumor cells have recently been described in
peripheral blood, albeit at much lower levels than
seen in other cancers. As a result of their lack of
spread, there is no formal staging system that is
used in clinical practice. However, CNS tumors
are capable of spreading within the central ner-
vous system and affecting other parts of the brain
and spinal cord. This is most often felt to occur
through sloughing of cells into the cerebrospinal
fluid and “seeding” most typically occurs in the
spinal region due to gravity and positional factors.
This form of staging is usually assessed by
examination of cerebrospinal fluid or on radio-
logic imaging. Another important aspect of
evaluation of brain tumors is imaging taken after
surgery to assess the extent of resection of a
tumor. While the most common tumors of the
CNS cannot be fully removed due to their diffuse
infiltration of normal structures (e.g., diffuse
astrocytoma, glioblastoma) the extent of resection
of the tumor and amount left behind can affect the
patient’s outcome significantly in certain tumor
types. Treatment planning is also commonly
affected by whether a tumor is completely resec-
ted (gross total resection) or subtotally resected.

16.5 Pathology of Brain Tumors

Given the breadth of brain tumor types, we will
only cover the most common tumors and grades
encountered in practice for meningioma, oligo-
dendrogliomas, astrocytomas, and glioblastomas,
each described separately below.

16.5.1 Meningioma

Meningiomas are one of the most common
intracranial tumors and represent approximately
30 % of brain tumors in the US and occur almost
exclusively in adults [16]. Generally, such
tumors are slow growing and benign and may be
discovered incidentally on MRI or at autopsy.
These tumors can arise in any location where
there are meningeal coverings to the brain.
Occasional tumors may arise in the choroid
plexus or spinal nerve root location causing some

diagnostic confusion if not carefully assessed.
The most common sites are the convexity of the
brain (falx, parasagittal regions) and skull base
regions (olfactory region, sphenoid, suprasellar).

Meningiomas are grossly well circumscribed
and tend to push aside the brain parenchyma
without invading or destroying it. They are most
commonly attached to the inner surface of the
dura and sometimes erode the overlying bone of
the skull. The tumors rarely spread within the
intracranial compartment or to other sites in the
body. They typically occur singly but when
present as multiple lesions these can occur spo-
radically or in the setting of neurofibromatosis
type 2 (NF2) syndrome.

Currently, the WHO recognizes 15 distinct
histological subclasses of meningioma with the
most common being WHO Grade I tumors such
as meningothelial, fibrous, or transitional classes
(Fig. 16.3a). Each have a strong morphologic
resemblance to the normal arachnoidal
meningothelial cells seen within the dura and
leptomeninges (Fig. 16.1a). Other WHO Grade I
subtypes include psammomatous, angiomatous,
microcystic, secretory, lymphoplasmacyte-rich,
and metaplastic meningiomas. Grade II tumors
have increased proliferative rate, cellularity,
atypia, or nuclear cytoplasmic ratio, or loss of a
normal morphologic pattern. Several specific
subclasses are also automatically categorized as
Grade II due to an increased recurrence risk
including chordoid and clear cell variants; tumors
with further evidence of mitotic activity, necro-
sis, and near complete loss of meningiomatous
differentiation. Specific variants, namely the
anaplastic, papillary, and rhabdoid meningiomas
are also assessed WHO Grade III due to their
strong recurrence risk. The presence of brain
invasion is considered an independent recurrence
risk sign.

Meningiomas are often recognized by their
H&E morphology, however, in cases where the
diagnosis is in question this can be aided by use of
immunohistochemistry (IHC). The most common
positive identification marker expressed in
meningiomas is epithelial membrane antigen
(EMA) [17]. The expression of this marker,
however, is often weak and diffuse and therefore
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not always reliable for identification. This is
particularly true in that higher grade meningiomas
lose the expression of this marker. Given their
origin from non-neuroepithelial cell types,
meningiomas lack expression of primary brain
tumor markers such as the glial markers OLIG2
or GFAP which also may be helpful in their dis-
tinction from these entities. Electron microscopy
is occasionally used to identify key features of the
mesenchymal phenotype when other markers
may have failed. Future studies to identify
specific markers of the lineage for meningeal cells
in addition to EMA are needed and would aid in
the diagnostic evaluation of these tumors. Further
study of the complex developmental origins of
the normal meningeal cells and the different cell
types in the brain’s coverings will likely lead to
such discoveries as they have in other tumors.

16.5.2 Oligodendroglioma

Oligodendrogliomas are rare diffusely infiltrating
tumors of adults that have a very distinctive his-
tological appearance on H&E staining and a
similar appearance to normal differentiated
oligodendrocytes of the brain. The tumor cells are
highly uniform with rounded nuclei and a

monomorphic or “clonal” appearance overall.
Their most distinctive feature is the presence of
clear spaces in formalin-fixed paraffin-embedded
(FFPE) sections around each cell which is
described as a perinuclear halo or the “fried egg”
appearance (Fig. 16.3b). The nucleus in oligo-
dendroglioma cells is very centrally located
within the halo and is present in abundance
throughout the tumor. This should be distin-
guished from the common appearance of halos
seen around numerous cells in the normal reactive
brain or other types of tumors where the nucleus is
often not centrally located and the phenotype is
seen only focally and not all throughout the tumor.
Oligodendrogliomas are frequently associated
with microcalcifications and the tumor cells can
cluster around vessels and neurons in a visually
striking “satellite” arrangement.

IHC, while not officially part of the current
WHO diagnostic criteria for oligodendrogliomas,
is extremely helpful in identifying these tumors.
All oligodendrogiomas are positive for the
oligodendroglial lineage marker OLIG2 as well as
IDH1(R132H) (see molecular profile below) [18].
The tumors should lack expression of TP53 in
most cases. Each of these markers typically has a
homogeneous expression pattern with the marker
being detected in essentially all of the tumor cells.

Fig. 16.3 Histological
features of common brain
tumors a meningioma with
typical whorls,
b oligodendroglioma with
diffuse infiltrating cells
surrounded by perinuclear
halos, c glioblastoma with
pseudopalisading necrosis
(nec) and dense atypical
tumor cells, d glioblastoma
with markedly atypical
giant cells
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Grading of oligodendrogliomas follows WHO
guidelines using cellularity, anaplasia, mitoses,
vascular proliferation, and necrosis as the main
criteria for assignment. Most oligodendroglioma
WHO Grade II have few to no mitoses, no more
than moderate cell density and generally very
minimal atypia. Tumors are categorized as
anaplastic oligodendroglioma WHO Grade III if
brisk mitotic activity, necrosis, or vascular pro-
liferation is present. The criteria for this are
somewhat controversial and distinction from
higher grade glioblastoma can sometimes be a
challenge as not all of these features are generally
present in high-grade tumors. Specific stipula-
tions as to how many should be present are not yet
established. No grading-specific markers have
been identified for oligodendrogliomas but could
be useful for future evaluation of these tumors.

16.5.3 Astrocytoma

Astrocytomas are diffuse gliomas that are com-
mon in children and young adults. They were
originally named based on the tumor cell resem-
blance to non-tumorigenic reactive astrocytes in
the brain. However, more recent studies have
shown that astrocytomas invariably contain a
mixture of both astrocytic and oligodendroglial
lineage cell types with varying degrees of abun-
dance of each. The WHO entity termed
“Oligoastrocytoma” or mixed glioma, was cre-
ated to further distinguish tumors which had more
obvious oligodendroglial features [16]. However,
oligoastrocytoma is now considered to lie within
the spectrum of morphology seen in the category
of astrocytomas, and in practice is not reliably
able to be distinguished as a separate entity
morphologically, biologically, or genetically. As
a result, astrocytoma and oligoastrocytoma are
expected to be merged into one category, defined
by the presence of IDH1 mutations and absence
of 1p/19q codeletion, in order to achieve a cate-
gory with highly uniform genetics, biology, and
clinical prognosis. These more rigorous require-
ments are the generally stated goal for all class
distinctions in the next WHO consensus [19].

Overall, astrocytomas are easily recognized as
distinct from oligodendrogliomas by their more
pleomorphic and irregular nuclear cytology with
mixtures of rounded and elongate cell shapes, the
frequent presence of eosinophilic cytoplasm, and
lack of significant perinuclear halos in tumor
cells. The tumors are sometimes difficult to rec-
ognize in their lower grade forms and particularly
in children [20]. The background neuropil is
frequently intact due to their infiltrative nature
although several variants and grades exist with
varying alteration in the background.

Grading of astrocytomas is based on mitotic
rate and the presence of vascular proliferation or
necrosis. Diffuse astrocytomas WHO Grade II are
the lowest form of this particular category and
generally are slow growing with usually no mito-
ses identified in the tumor, a low cell density and
pleomorphism. The presence of multiple mitoses
designates a tumor in this class as WHO Grade III
and is considered “high grade” for clinical treat-
ment purposes. The presence of vascular prolif-
eration or necrosis prior to treatment of the tumor
promotes a tumor to WHO Grade IV and is then
referred to as glioblastoma by current criteria.

16.5.4 Glioblastoma

The histology of the majority of glioblastomas
(GBMs) is quite distinct from the lower grade
astrocytomas (Grade II and Grade III) and this
likely reflects their unique biology and general
absence of mutations in IDH1/2 genes [21]. The
typical case is de novo in origin with no prior
precursor lesion in the patient (e.g., primary
GBM). Secondary GBM can arise from a lower
grade IDH1 mutant astrocytoma but it is esti-
mated that fewer than 10 % of GBMs may arise
from such progression. The histology of GBM is
diverse. This was even indicated by their origi-
nally assigned name “glioblastoma multiforme.”
Although the diversity is a key feature, they do in
fact share several histological and clinical fea-
tures which make them morphologically distin-
guishable from oligodendrogliomas and other
CNS tumors.
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By WHO 2007 classification, GBMs all fall
under the larger category of diffuse astrocytomas
and are the highest most aggressive Grade IV
within this category. While originally thought to
represent a “pure” astrocytic tumor and poten-
tially even derived from astrocytes, recent studies
have shown that all astrocytomas are somewhat
misnamed. Like their lower grade astrocytoma
counterparts, GBMs are all of a mixed astrocytic
and oligodendroglial lineage as defined by mul-
tiple markers for these cell types (e.g., GFAP,
OLIG2). They are likely to originate from several
normally dividing populations of stem or pro-
genitor cell types within the normal brain [18].
Like other diffuse gliomas, GBMs exhibit strik-
ing diffuse infiltration and intermingling with the
preexisting brain structures making them incur-
able by surgical resection.

GBMs by definition have marked anaplasia,
mitotic activity, necrosis, and microvascular pro-
liferation which are the essential features used to
distinguish GBM from lower grade astrocytomas
(Fig. 16.3c and d). These features automatically
allow grading as WHO Grade IV and this is the
maximum grade allowed by the WHO. However,
currently WHO guidelines recognize three histo-
logical subclasses: classic GBM, gliosarcoma,
and giant cell GBM. Additional subclasses have
been described in the literature and include GBM
with oligodendroglioma component, small cell
GBM, and epithelioid/adenoid GBM but have not
yet been accepted as distinct or able to be reliably
distinguished as clinico-pathologic or molecular
entities. Although these subclasses are commonly
referred to in practice, as yet none are associated
with significant prognostic value.

16.6 Molecular Pathology of Brain
Tumors

16.6.1 Diagnostic Tools

There has been an exciting explosion in the
number and type of assays available to patholo-
gists for improved molecular and cytogenetic
analysis of cancer in the past decade and many of
these are now routinely used in brain tumor

diagnostics to provide prognostic and treatment
information [22]. While all the methods were first
pioneered in the research setting, the advance-
ment to clinical use requires careful consideration
of factors such as accuracy, cost, and turnaround
time, which, in the clinical realm can often be
quite different than that required in the research
laboratory setting. Assays to determine copy
number, single nucleotide variants, and epige-
netic assessments are all commonly used in the
clinical setting and described below.

16.6.1.1 RNA and Protein Expression
RNA is a labile biomarker which has seen rather
limited adoption in the clinical realm. RNA
in situ hybridization is utilized in a research
setting but no brain tumor biomarkers of clinical
relevance have been discovered. While RNA
expression profiling has been useful in the
research setting, it has not seen rapid adoption
with modern techniques commonly used in the
clinic and most clinical assessments are per-
formed to detect protein expression via IHC
methods (Fig. 16.4a and b) [23, 24].

16.6.1.2 Cytogenetics
Cytogenetic techniques were some of the first
methods employed to clinically distinguish gains
and losses of DNA and specific regions of the
genome or genes that were altered. Karyotypes
from acutely cultured cells were used to deter-
mine associated gains or losses of chromosomes
(e.g., gain of Chr 7 and loss of Chr 10 in GBM)
in several brain tumors, however the application
of this in practice was fairly limited compared to
other cancers due to its fairly limited clinical
value and is no longer commonly used in the
diagnostic setting.

Fluorescence in situ hybridization (FISH),
introduced in Chap. 2, is an extremely useful
technique for hybridization and counting of
copies of specific probes on tissue sections at
targeted regions of the genome. This analysis has
the advantage of being analyzed at a single cell
level and, therefore, is extremely sensitive and
specific. It is one of the most commonly used
methods today to assess brain tumor copy aber-
rations, but given its targeted nature of analysis
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of only single regions of the genome, it is being
replaced by more multiplexed or whole genome
approaches.

Hybridization based copy number arrays (i.e.,
array CGH, SNP arrays) are highly sophisticated
tools for multiplex assessment of the number of
copies of genes or loci in the genome. These
technologies now allow pathologists to simulta-
neously query up to one million different loca-
tions with good sensitivity and specificity in
clinical FFPE samples (Fig. 16.4c) [25]. Next
generation sequencing panels are also now used
to assess copy number with good results for large

(arm level) copy changes in cancers but has more
limited ability to reliably detect smaller size and
low level changes in copy number [26]. As
example, there is often poor sensitivity for small
single copy gains and deletions due to the cost of
reaching broad coverage as is typically achieved
in array based assays. New analytical methods
and lowered sequencing costs are expected to
improve this situation in the future.

16.6.1.3 Sequencing
Detection of single nucleotide variants (e.g.,
point mutations) was originally performed using
Sanger sequencing and other targeted methods
and has been most commonly used to iden-
tify mutations in IDH genes [27]. Targeted
sequencing panels based on PCR amplification of
multiple genes of interest are also commonly
used in current practice [28]. However, the
advent of next generation multiplex sequencing
methods has rapidly advanced the ability to
detect multiple mutations in cancer simultane-
ously and has been rapidly adopted for diag-
nostics and prognostic use in brain tumors
[26, 29].

Most sequencing is currently focused on
specific known oncogenes and tumor suppressors
either at “hotspots” or at all exonic sequences of
these genes, in order to efficiently detect muta-
tions of interest in FFPE samples. The use of the
targeted exome sequencing approach is particu-
larly useful for brain tumors where tumor sup-
pressor genes are frequently altered and lack
consistent “hotspots” for effective evaluation.
Current focus on next generation sequencing
methods are on reduced turnaround time to allow
more rapid use in clinical practice attempting to
balance increased gene coverage with time
required for analysis. The next generation
sequencing techniques also allow for assessment
of gene insertions or deletions (indels) and gene
fusion events, however, analytical tools for such
events are currently not reliable or widely
available for clinical practice. These are expected
to evolve rapidly to enable such events to be
detected with clinical standards of sensitivity and
specificity in the near future.

Fig. 16.4 Immunohistochemical and molecular methods
for assessing brain tumors. a Immunohistochemistry for
OLIG2 is positive (brown) in a subpopulation of astro-
cytoma cells. b IDH1(R132H) mutation (brown) in an
astrocytoma demonstrates strong uniform expression by
IHC, c array CGH results showing PDGFRA locus in
patients with glioblastoma. Patient 1 shows amplification
involving PDGFRA, KIT, and KDR, patient 2 shows no
aberration, and patient 3 shows amplification involving
only the PDGFRA gene with a complex pattern. Red
probes = gains, green probes = losses, black = neutral;
blue arrows indicate amplification events
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16.6.1.4 Epigenetics
Brain cancers were one of the first indications
where assessment of epigenetic modifications of
the genomewere of clinical relevance, specifically
with respect to methylation status of the methyl-
guanine methyltransferase (MGMT) gene in
gliomas [30, 31]. Methylation events are charac-
teristically assessed clinically using methylation
specific PCR strategy with bisulfite conversion of
methylated cytosine to uracil. The convertedDNA
is then sequenced using Sanger or pyrosequencing
methods to infer which residues in the target
regions of interest were methylated. As for copy
number and single nucleotide variant detection
methods, the use of multiplexed methylation
arrays capable of whole genome methylation
assessments has recently been entering into clini-
cal use. Given the association of global methyla-
tion patterns with cell lineage, methylation arrays
are most commonly used currently for recognition
of diagnostic patterns of methylation in specific
tumor types [32, 33]. Also such methods can
reliably report out copy number information at the
same time, in a similar manner to dedicated copy
arrays. Interestingly, use of methylation arrays has
not replaced targeted approaches for MGMT
promoter assessment, although with further
improvements and experience this is expected to
be possible in the future.

16.6.2 Cytogenomic Features
of Brain Tumor Types

16.6.2.1 Meningiomas
The most common molecular events in menin-
giomas are loss of the tumor suppressor gene NF2
on chromosome 22q, which occurs in approxi-
mately 50 % of sporadic and nearly 100 % of
syndromic tumors. Atypical WHO Grade II
meningiomas are associated with losses of 1p and
14q most commonly. The overall burden of copy
number changes appears to increasewith histologic
grade and recurrence risk in atypical meningioma
and following gross total resection could be pre-
dicted using array CGH or other multiplex copy
number assays to determine the overall genomic
copy number changes within the tumor [34].

Recent sequencing studies of meningioma
have identified strong clinico-pathologic correla-
tion of mutational genotypes with histologic
subtypes of meningiomas likely due to cell of
origin differences. Oncogenic mutations in AKT1
and SMO were typically associated with an
anterior/medial skull base location [35]. Muta-
tions in TRAF7, a pro-apoptotic E3 ubiquitin
ligase, have also been described in approximately
25 % of meningiomas as a common recurrent
event and were present in association with KLF4
mutations or less commonly AKT1 mutations
[36]. Drugs targeting the NF2, SMO, and AKT1
pathways are currently being evaluated in clinical
trials of meningiomas and may help to address the
lack of effective medical therapies for this
disease.

16.6.2.2 Oligodendroglioma
These tumors were one of the first brain tumors to
be recognized as associated with a specific diag-
nostic and prognostic molecular genetic signa-
ture. Essentially, all oligodendrogliomas exhibit
codeletion of chromosomes 1p and 19q which are
present in greater than 90 % of cases in carefully
selected series [21]. The codeletion of these
chromosomal arms was noted to result from a
balanced translocation with subsequent loss of
one rearranged allele leading to overall single
copy loss of these regions [37]. More recently,
these tumors were also noted to universally har-
bor mutations in either the IDH1 or IDH2 genes
[21, 38]. These mutations alter the enzymatic
activity of the IDH proteins leading to high levels
of the onco-metabolite 2-hydroxyglutarate (2HG)
which is normally expressed at only low levels in
cells and may promote tumor growth. Further-
more, IDH mutations are strongly associated with
a distinct methylation profile termed G-CIMP
[39]. Such a profile may be induced by the IDH
mutations or may represent the profile of the cell
of origin for these tumors that has yet to be
defined.

Other mutations in CIC, an HMG-box tran-
scription factor with repressor activity, are identi-
fied in approximately 70 % of oligodendrogliomas
and are unique to the disease. The presence of
mutations in ATRX, TP53, and amplification of
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EGFR, hallmarks of other gliomas, are extremely
rare in oligodendroglioma and typically 1p/19q
codeletion are mutually exclusive with each of
these events. While not yet formally utilized in the
grading of oligodendrogliomas, the presence of
CDKN2A loss is the most prominent change
identified.

16.6.2.3 Astrocytoma
Astrocytomas are first defined by the presence of
IDH1 mutations, most commonly the IDH1
(R132H) variant (more than 80 % of patients). At
a very high rate IDH1 mutations in this disease
co-occur with loss of function mutations in the
tumor suppressor genes ATRX and TP53 [21].
The most common mutations in ATRX lead to
loss of expression of the protein in tumor cells as
detected by IHC staining for the wild-type protein
and is a useful and cost effective assay in clinical
practice. Conversely, the most common muta-
tions in TP53 lead to increased expression of P53
in tumor cells by IHC, with more than 10 % of
cells generally having high-level nuclear expres-
sion. However, the use of these IHC markers as
surrogates for detection of IDH1/2, ATRX, or
TP53 mutations in oligodendrogliomas or astro-
cytomas can miss approximately 10–20 % of
those cases with variant mutations whose nature
does not alter protein expression in the predicted
manner. Multiplex sequencing methods are,
therefore, highly useful for reliable assignment of
prognosis and diagnosis in all gliomas.

16.6.2.4 Glioblastoma
GBM is one of the best characterized cancers at
the molecular level [40] and was one of the first
cancers to be studied in large scale integrative
genomic approaches of The Cancer Genome
Atlas (TCGA) program established by the
National Cancer Institute [41]. Collectively, these
molecular studies have consistently identified
three core signaling pathways which are disrupted
in GBM: increased activation of receptor tyrosine
kinase/RAS/PI3 K signaling, loss of function in
P53 signaling, and reduced signaling of the RB
pathway. Aberrant activation of RTK/RAS/PI3 K
signaling is evident in 88 % of GBMs and most
characteristically occurs due to amplification of

the EGFR gene, along with rearrangements and
overexpression of mutant EGFRvIII and extra-
cellular domain mutants [42]. This pathway is
also activated by amplification of other well
known oncogenes including PDGRA, MET,
AKT, or PIK3CA and/or aberrations that lead to
loss of the PTEN tumor suppressor gene function.
Alterations in the tumor suppressor TP53 are
common in a subset of adult GBM including at
least 42 % of adult tumors, either through direct
mutations in TP53 or by amplification of MDM2
or MDM4 each seen in approximately 10 % of
patients. Interestingly, with time studies have
shown that TP53 mutations are more common in
young adult astrocytomas and pediatric
high-grade gliomas where they are seen in the
majority of these tumors [43, 44]. The RB path-
way is frequently targeted by different routes,
including genomic losses combined with muta-
tion of RB, as well as genomic losses of the
CDKN2 family of tumor suppressor genes, or
amplification of the negative regulators of the RB
pathway, such as CDK4.

Molecular tools are most helpful in the setting
of GBM to support the diagnosis and prognosis
of patients. Patients with IDH1 mutation have an
improved outcome relative to wild-type IDH
patients, and likely marks those secondary GBM
tumors that have evolved from lower grade
astrocytomas. The most common method of
detection is IHC using a mutation-specific anti-
body to IDH1(R132H), but research groups have
recently utilized next generation sequencing to
identify R132H as well as other rare variants
[45]. Methylation of the promoter of the MGMT
gene is also associated with increased progres-
sion free survival in adult GBM and partially
overlaps the IDH1-mutated population. This
finding is most commonly assessed using
methylation specific PCR and sequencing. The
presence of a high level of EGFR amplification
(>10 copies) is a hallmark event (>40 % of
GBM) that is diagnostically useful in identifying
GBM. However, it is not effective as a prognostic
biomarker if evaluated in GBM cohorts where
the IDH1 mutant tumors have been excluded
[46]. Younger adults and older children with
“pediatric” type GBM harbor mutations in the
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histone gene H3F3A as a distinct and common
event and generally lack the prototypical com-
bined aberrations associated with patients over
the age of 40 which includes combined EGFR
amplification, CDKN2A homozygous deletion,
Chr 10/PTEN loss, and Chr 13/RB1 loss. Given
the complexity and breadth of such aberrations
needed to be detected in GBM, the use of com-
bined multiplex technologies for copy detection
and single nucleotide variants by array tech-
nologies and next generation sequencing have
demonstrated potential for efficient delivery of
these results both in the clinical and clinical trial
settings.

16.7 Neural Development
and Stem Cells in Brain
Tumors

16.7.1 Neural Stem Cells and Fate
Choice: The Role
of Transcription Factors

If one agrees that the multiple, different cell types
of the adult brain and brain tumors are ultimately
derived from uncommitted progenitor cells or
subsets of partially restricted neural progenitors,
then it becomes interesting to think about the
molecular biology of the fate choice decision and
how this might also drive tumor formation. How
does a neural stem cell decide whether to become
a neuron, an astrocyte or an oligodendrocyte?

Genetically accessible organisms such as
Drosophila have highlighted the prominent role
of transcription factors in the fate choice decision
to form neurons. Transcription factors belonging
to the basic helix-loop-helix (bHLH) family play
an especially prominent role in neurogenesis [47].
As shown in Fig. 16.5, these neurogenic bHLH
transcription factors can be parsed into two col-
umns: the proneural transcription factors
(so-called because if you knock them out, you get
a fly that is missing some neurons) and the
antineural transcription factors (so-called,
because if you knock them out you get a fly with
excessive neurons). By pushing against each
other, these proneural and antineural transcription

factors generate a fly with the right number of
neurons, at the right time, and in the right place.

The value of the fly as an engine of discovery
for neural development is that these proneural and
antineural bHLH transcription factors have been
conserved both in structure and in function, all the
way up the phylogenetic ladder to the vertebrate
central nervous system. As examples, the mam-
malian homologue of the Drosophila proneural
transcription factors achaete-scute or atonal func-
tion as proneural transcription factors in the central
nervous system of developing mice. Targeted
disruption of Mammalian Achaete-Scute Homo-
logue (MASH-1) or Mammalian Atonal Homo-
logue (MATH) generates mice that are missing a
few neurons [47]. This conservation of form and
function really comes as no surprise because a
neuron in a fly and a neuron in an elephant is
basically the same kind of cell. Invertebrate and
vertebrate neurons are both configured to push an
electrical signal down a long, skinny cytoplasmic
tube (the axon) by sequentially opening and clos-
ing ion channels.

16.7.2 Transcription Factors for Glial
Development

Forward genetic screens with invertebrate model
organisms have proved generally uninformative

Fig. 16.5 Neural Stem Cells and Fate Choice: The Role
of Transcription Factors. In Drosophila the fate choice
decision to form neurons from multipotent progenitors is
controlled by an oppositional relationship between
proneural and antineural transcription factors of the basic
helix-loop-helix (bHLH) family. These neurogenic bHLH
transcription factors are conserved in form and also in
function within vertebrates [47]
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about glia, one of the major components of the
human brain. Glial cells missing (gcm) was
found in 1995 by three independent groups that
were screening for genes involved in axonal
pathfinding [48–50]. Subsequent studies showed
that gcm encodes a transcription factor that is
expressed in nearly all of the developing glial
cells in Drosophila and is both necessary and
conditionally sufficient for their development
[48, 49, 51]. Unfortunately, the conservation of
form and function noted for neurogenic bHLH
transcription factors is not seen with gcm. There
are two gcm orthologs in mammals [52, 53].
However, in mammals, the major expression
sites of both gcm genes are not within the CNS
[54] and targeted disruption studies suggest that
neither gene plays a role in brain development
[55–57]. Thus it appears that the primordial gcm
gene discovered in Drosophila has been adapted
to other missions in vertebrate animals.

Against that backdrop one might ask, “are
there bHLH transcription factors that specify the
glial lineages?” The answer is “yes” and the
names of the two key factors are “OLIG1″ and
“OLIG2″. The bHLH transcription factors
OLIG1 and OLIG2 are co-localized to within
40 kb of each other on human chromosome 21
within the Down syndrome critical region of that
chromosome. Unlike classic proneural bHLH
transcription factors (e.g., Mash, Math, Ngn1/2)

that are never seen in mature neurons [58–60],
initial in situ hybridization images showed the
two genes to be expressed in white matter tracts
of corpus callosum, optic nerve, and cerebellum
(hence the name “OLIG” [61–63]. The two
OLIG genes are expressed exclusively within the
central nervous system.

The primary amino acid sequences of OLIG1
and OLIG2 are very similar within the
DNA-targeting bHLHdomain, suggesting that they
might have some functions in common. However,
outside the bHLH domain, OLIG1 and OLIG2 are
quite different proteins suggesting some unique,
non-overlapping biological functions as well and
this suggestion is born out in reality. Targeted dis-
ruption studies show thatOLIG1plays very specific
roles in the maturation of committed oligodendro-
cyte progenitor cells into mature myelinating glia
[64, 65]. The biological functions of OLIG2 are
broader in scope. OLIG2 is expressed exclusively
within the CNS. In the developing CNS, OLIG2 is
expressed in progenitor cells that give rise to neu-
rons (somatic motor neurons and forebrain cholin-
ergic neurons) and oligodendrocytes [65–70].
Furthermore, targeted disruption of OLIG2 results
in a total loss of oligodendrocyte progenitors and
motor neurons within the developing spinal cord
(Fig. 16.6) [65, 70].

In the adult CNS, OLIG2 is expressed only in
myelinating oligodendrocytes and in neural

Fig. 16.6 Developmental
Functions of OLIG2.
Targeted disruption of
Olig2 during development
ablates oligodendrocytes
(marked by Pdgfra) and
certain types of neurons,
notably motor neurons
(marked by Hb9). Images
adapted from Lu et al.
[104]. See text for details
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progenitor cells. Focusing specifically on adult
neural progenitors, OLIG2 is expressed in the
transit amplifying type C progenitors of the sub-
ventricular zone (SVZ) [71]. In addition, OLIG2
is expressed in essentially 100 % of the
NG2-positive glia and is required for formation of
these cells [72]. NG2-positive glia are the most
prevalent cycling progenitor cells of the adult
CNS. They have been proposed to play critical
roles in brain repair and regeneration and are the
primary responding neural cell type to brain
injury [9, 73]. Transit amplifying cells of the SVZ
and NG2-positive glia have both been proposed
as plausible “cells-of-origin” for human gliomas
which makes sense given that cycling cells in
other cancers are often more prone to transfor-
mation (reviewed in Stiles and Rowitch) [74].

16.7.3 OLIG2 and Glioma Stem Cells

During early stages of neural development, a key
role of OLIG2 is to maintain the replication-
competent state so as to expand the pool of avail-
able progenitors for motor neuron and oligoden-
drocyte development [75]. An emerging body of
literature documents an “evil twin” of this
pro-mitogenic function in development. In par-
ticular, immunohistochemical analysis shows that
OLIG2 is expressed in 100 percent of human dif-
fuse gliomas irrespective of grade [18]. Gliomas—
especially high-grade adult gliomas—contain a
heterogeneous mixture of cell types. However, a
highly tumorigenic subpopulation of cells in both
adult and pediatric astrocytomas is frequently
marked by CD133 (a.k.a. Prominin-1)—a cell
surface antigen that is also a known marker of
multipotent stem cells in blood and other tissues
including the brain [76–78]. Essentially 100 % of
these tumorigenic, CD133-positive stem cells in
fresh surgical isolates of human astrocytomas
express OLIG2 [79].

Beyond simply marking glioma stem cells,
OLIG2 function is actually required for tumor
formation in “genetically relevant” murine
models of adult glioma [79] and in freshly iso-
lated human “gliomasphere” cultures [80]. A fi-
nal link between OLIG2 and the stem-like cells

in glioma comes from a very interesting experi-
ment. Preservation of the stem-like state in
glioma cells requires them to be propagated
under conditions identical to those used to
maintain normal neural stem cells. Specifically,
they must be cultured under non-adherent con-
ditions in serum-free medium supplemented with
the growth factors EGF and FGF. If glioma stem
cells are allowed to attach to the surface of the
culture dish and cultured in the presence of
serum (or BMP4) the expression of stem-like
marker proteins is lost and the cells lose
tumorigenic potential. Under normal circum-
stances these losses are irreversible [81–85].

Against this backdrop, Suva et al. asked
whether there might be a transcription factor
code for restoring the stem-like state and
tumorigenic potential of serum-treated glioma
cells. A functional analogy for such a code would
be found in the Nobel-prize winning studies of
Shinya Yamanaka who found a set of four tran-
scription factors (SOX2, OCT4, KLF4, and
MYC) could induce normal human fibroblasts to
form pluripotent stem cells (iPSC). Suva et al.
found a set of three transcription factors SOX2,
POU3F2, and SALL2 were sufficient to restore
most stem-like features of the phenotype but the
resulting cells were still not tumorigenic.
A fourth transcription factor, OLIG2, was
required to restore the tumorigenic component of
the phenotype [86].

16.8 Resistance to Therapy
and the Cancer Stem Cell
Hypothesis

Malignant gliomas in adults and also in children
typically show an initial response to radiation and
chemotherapy, however the tumors inevitably
recur. Conventional wisdom attributes resistance
to radiation or genotoxic drugs to the selection of
preexisting (and/or therapy-induced) mutant cells
within the tumor. In accord with this point of
view, tumor cells, especially in high-grade glio-
mas, are genetically unstable. Moreover, con-
ventional therapeutic modalities are highly
mutagenic. However, there is an alternative
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explanation for the failures of treatment. This
alternative explanation is known as the “cancer
stem cell hypothesis” [87, 88].

Key features of the cancer stem cell hypoth-
esis are that solid tumors arise from develop-
mentally stalled progenitor cells (as is the case
with leukemias). Accordingly, the tumor cell
population is heterogeneous, being composed of
a minor population of highly tumorigenic, self
renewing “cancer stem cells” and a majority
population of partially committed (and presum-
ably less tumorigenic) progenitor cells. The
central idea of the cancer stem cell hypothesis is
that therapies for solid tumors usually fail
because the minor population of “stem-like” cells
within the tumor is intrinsically resistant to
radiation and genotoxic drugs [89].

Biological support for the cancer stem cell
hypothesis comes from the observation that
normal stem cells are known to cycle slowly, a
property that could account for resistance to
radiotherapy. Moreover, normal stem cells have
high levels of drug export transporter proteins, a
feature that could account for resistance to
chemotherapy. However, there are other obser-
vations that are inconsistent with the hypothesis.
For example, tumors that recur following radia-
tion and chemotherapy are often genetically quite
different from the original lesions, whereas the
cancer stem cell hypothesis predicts that recur-
rent tumors would be genetically similar to the
primary cancer. Moreover, some tumors that are
clearly of embryonic stem cell origin (e.g., tes-
ticular cancers) are quite sensitive to conven-
tional chemotherapy [90].

Glioblastomas (adult and pediatric) have
become one of the favored scientific vehicles for
testing the cancer stem cell hypothesis. There are
three reasons for this. First, the so-called “wall
charts” of knowledge describing the stages of
brain development (“neuropoiesis”) are sur-
passed in detail only by those for blood devel-
opment (“hematopoiesis”). As is the case with
blood progenitors, multipotent neural progenitors
can be isolated from developing embryos or from
the postnatal brain and placed into culture where
their differentiation can be manipulated and
observed [4]. Second, as noted by Cushing,

Bailey and other pioneers in neurosurgery in the
early 1920s, high-grade adult gliomas contain a
heterogeneous mixture of cell types that actually
look like the product of a developmentally
arrested neural stem cell. Hence the term
“glioblastoma multiforme” (GBM) [91], as
mentioned previously. Third, GBMs contain a
subpopulation of cells with stem-like properties.
These glioma stem cells can be manipulated like
their normal counterparts to grow as neuro-
spheres or to undergo at least partial differentia-
tion into cells that express neuronal or glial
marker proteins [76–78, 92, 93].

16.9 Conflict of Interest:
An Oppositional
Relationship Between
OLIG2 and TP53

Why are gliomas so intrinsically resistant to
radiation and chemotherapy? In healthy cells, the
responses to genetic damage, cellular stress, or
inappropriate mitogenic cues (e.g., oncogenes)
are triggered by P53—the so-called “guardian of
the genome.” The TP53 gene product is a tran-
scription factor and activation of P53 transcrip-
tional functions results in programmed cell death,
transient growth arrest, or permanent growth
arrest (senescence), depending on cell type,
strength of the inducing stimulus, and other
factors. The pro-death, anti-growth functions of
P53 are obviously not in the best interest of
tumor cells. Accordingly, genetic ablation of
TP53 is a frequent feature of adult solid tumors
[94].

Malignant gliomas are notoriously insensitive
to radiation and genotoxic drugs. Paradoxically,
the TP53 gene is structurally intact in the
majority of primary gliomas [41, 80]. Resistance
to genotoxic modalities in P53-positive gliomas
has been attributed to attenuation of P53 func-
tions by other mutations within a P53 signaling
axis that includes the Ink4a/ARF, MDM2, and
ATM gene products [27, 41, 95, 96] (see
Fig. 16.7). However, as noted earlier in this
chapter high-grade gliomas are a heterogeneous
mixture of cell types. Bao et al. observed that it is
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the subpopulation of stem-like cells within
high-grade gliomas that have significantly
enhanced resistance to radiation [97]. Since any
mutations within the P53 signaling axis would be
present in all tumor cells, the resistance of glio-
mas to genotoxic agents may reflect mechanisms
specific to these stem-like tumor-initiating cells.

One such mechanism is suggested by the
studies of Mehta et al. [80]. These investigators
showed that OLIG2 confers a radioresistant
phenotype to both normal and malignant neural
progenitors by opposing P53-mediated responses
to DNA gamma irradiation [80]. In the absence
of OLIG2, even attenuated levels of p53 function
(as seen for example in Ink4a/ARF null cells) are
adequate to suppress growth of irradiated cells.
The oppositional relationship between OLIG2
and P53 reflects, at least in part, a suppression of
P53 transcriptional functions. In the presence of
OLIG2, expression of a key P53 effector gene,
p21WAF1/CIP1 (hereafter called “p21″) is much
reduced [79, 80].

Why would normal neural progenitor cells
express a transcription factor that opposes the
guardian functions of P53 to genotoxic damage
and inappropriate mitogenic cues? A compelling
incentive is provided by other functions of the
P53/p21 signaling axis in formation and mainte-
nance of stemness. Studies on the production of
induced pluripotent stem (iPS) cells from normal

fibroblasts highlight an oppositional relationship
between P53, p21 and the acquisition of stemness
[98]. Ablation of TP53 greatly enhances the
efficiency of iPS formation from normal fibroblast
cells and p21 is an important component of this
outcome [98–101]. The iPS work resonates with
earlier studies showing that targeted disruption of
either TP53 [102] or p21 [103] compromises the
relative quiescence of neural progenitors and
accelerates self-renewal. The work of Mehta et al.
suggests that OLIG2-mediated vulnerability to
DNA damage and malignant transformation
might be the price paid by the adult CNS to
maintain replication and sustain a reserve of
neural progenitors for response to injury and for
normal turnover of certain neuronal populations.

16.10 Conclusions and the Road
Ahead

Brain cancers remain as some of the most chal-
lenging cancers to treat and many important
questions about their biology remain to be dis-
covered. Where do tumors of the brain come
from? How do tumors arise in an organ that is
isolated from the environment and, to a first
approximation, mitotically inert? Why is the
most lethal form of brain cancer, the high-grade
glioma, GBM, so notoriously resistant to radio-
therapy and chemotherapy? We have seen that
the answers to these questions may be rooted in a
better understanding of brain development.
Developmental principles early on had a signifi-
cant impact on improved classification of brain
tumors from the time of their first study and such
principles are likely to inform treatment in
today’s era. Analogies can be drawn between the
process of blood development and brain devel-
opment in that multiple cell types of these organs
arise from smaller subsets of multipotent stem
cells and partially committed (but still replication
competent) progenitors derived from these stem
cells. Stem cells have an intrinsic oppositional
relationship with P53 and its downstream effec-
tors which are mutated often in gliomas.
High-grade gliomas contain a subpopulation of
highly tumorigenic cells with stem-like

Fig. 16.7 A P53 signaling axis protects from genotoxic
insults and inappropriate mitogenic cues. See text for
details
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properties. A broad body of data suggests that
these stem-like, tumor-initiating cells have
co-opted the molecular mechanisms used by
normal neural progenitors to sustain replication
competence and oppose the actions of P53.

Challenges for the road ahead will be to con-
vert this knowledge into power. Transcription
factors with bHLH domains regulate proliferation
and differentiation of neural stem cells. One
bHLH transcription factor known as OLIG2 is
expressed in high-grade gliomas and is essential
for the tumorigenic component of the glioma
stem cell phenotype. For this reason, OLIG2
would seem to be an attractive target for drug
development. However, transcription factors do
not lend themselves readily to the development of
small molecule antagonists because their inter-
actions with DNA and with co-regulator proteins
involve large and complex surface area contacts.

Finally, there have been a great many advan-
ces in recent years in understanding the molecular
and genetic pathology of all kinds of brain
tumors, but especially GBMs. This information
has already led to identification of glioma patients
with IDH mutations as a greatly improved prog-
nostic group, as well as a vastly improved diag-
nostic classification of tumors such as
oligodendroglioma by their histologic appearance
and molecular alterations. It is now possible to
match molecularly identified drug targets within
individual patient tumors to the experimental
treatments that may be effective in those exact
patients. This form of precision medicine has
already enabled improved categorization and
understanding of brain tumors and is now able to
serve as the foundation for improved treatments
that are sorely needed in these diseases.
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17Epidemiology of Renal Cell
Carcinoma

Alejandro Sanchez, Christopher B. Allard
and Kathryn M. Wilson

17.1 Overview

In the last two decades, there has been an
expansion of knowledge surrounding the under-
lying genetics of RCC, which has led to signifi-
cant drug discovery [1]. RCC incidence has
increased in the United States (U.S.) and world-
wide in recent decades. Patients are being iden-
tified at earlier stages due to the increasing use of
radiologic imaging, and localized disease
accounts for most of the increase in incidence
[2]. Mortality rates increased along with inci-
dence rates from the 1970s until the early 2000s
in most countries; however, mortality rates have
stabilized or decreased in the past 10 years [3]. In
this section, we review the current clinical picture
of the disease including presenting symptoms,
diagnosis, staging, and treatment options. We
then review the descriptive epidemiology of
RCC, followed by a review of major risk factors

for the disease. Upper tract urothelial carcinoma
(pelvis/ureter), which comprises approximately
10 % of kidney cancer cases, will not be covered
in this chapter.

17.2 Clinical Presentation

The kidney is located within the retroperitoneum
and as a result many renal masses remain
asymptomatic and nonpalpable until they are
advanced. Traditionally, patients with RCC pre-
sented with local, systemic, and/or paraneoplastic
symptoms. The classic triad of symptoms (aka
the “too late triad”) including flank pain, gross
hematuria, and palpable mass is now a rare pre-
sentation of this disease. With the increasing use
of diagnostic imaging, these tumors are more
readily identified incidentally at early stages.
However, despite the increase in detection at
earlier stages, there has been an overall increase
in RCC incidence and mortality in the U.S. over
the last several decades [2].

Table 17.1 summarizes the clinical charac-
teristics of patients presenting with RCC.
Perirenal hemorrhage/hematoma is an important
presentation, as patients with a spontaneous
perirenal hemorrhage may have up to a 50 % risk
of having an underlying renal tumor [4]. About
20 % of patients with RCC exhibit a paraneo-
plastic syndrome at presentation (Table 17.1).
History and physical exam, including a family
history of RCC, are critical components of the
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evaluation of patients with a renal mass. Physical
exam may reveal extrarenal manifestations found
in familial RCC syndromes (Table 17.2).

17.2.1 Diagnosis

Prior to computed tomography (CT), renal masses
were diagnosed with intravenous pyelogram or
renal arteriography. The majority of renal masses
are now detected with routine imaging. Focused
imaging with CT or magnetic resonance imaging
(MRI) can be used for diagnosis and staging renal
masses. It is important to consider that, depending
on the size of the mass, up to 22 % of small renal
masses (≤4 cm) treated surgically are found to be
benign [5]. Imaging is generally used to clinically
stage all patients (Table 17.3).

Renal mass biopsy has become an important
tool for initial evaluation and management of
incidentally found small renal masses. Renal
mass biopsies are typically considered in patients
with suspected infection, extrarenal metastases,
lymphoma, and/or in poor operative candidates
in preparation for minimally invasive treatments
(radiofrequency ablation vs. cryotherapy) or
active surveillance. Recent reports have demon-
strated a false negative rate of less than 1 % for
renal mass biopsies [6].

Themost common histologic subtype of RCC is
clear cell (70–80 %) followed by papillary RCC
(10–15 %), chromophobe RCC (3–5 %), collect-
ing duct carcinoma (<1 %), multilocular cystic
ccRCC (uncommon), renal medullary carcinoma
(rare), RCC associated with Xp11.2 translocations/
TFE3 gene fusions (rare), mucinous tubular and

Table 17.1 Clinical symptoms in patients presenting with RCC

RCC growth Clinical manifestations

Local tumor growth Hematuria, flank pain, abdominal mass, perirenal hematoma

Metastases Persistent cough, bone pain, cervical lymphadenopathy, constitutional symptoms
(weight loss/fever/malaise)

Obstruction of the inferior
vena cava

Bilateral lower extremity edema, nonreducing or right-sided varicocele

Paraneoplastic syndromes
[132]

Elevated ESR (56 %), hypertension (38 %), anemia (36 %), cachexia/weight loss
(35 %), pyrexia (17 %), abnormal liver function (14 %), hypercalcemia (5 %),
polycythemia (4 %), neuromyopathy (3 %), amyloidosis (2 %)

ESR erythrocyte sedimentation rate

Table 17.2 Extrarenal manifestations of patients with familial RCC syndromes

Syndrome Gene Chromosome Type of RCC Extra-renal manifestations

Von Hippel–
Lindau

VHL 3p25–26 Clear cell RCC Hemangioblastomas of the central
nervous system, retinal angiomas,
pheochromocytoma, epididymal cyst
adenomas, pancreatic cysts

Hereditary
papillary RCC

c-Met 7q31 Type 1 papillary RCC None

Familial
leiomyomatosis
and RCC

Fumarate
hydratase

1q42 Typ2 2 papillary RCC Cutaneous leiomyomas, uterine
leiomyomas

Birt–Hogg–
Dubé

BHD1 17p12q11 Chromophobe RCC,
oncocytoma,
hybrid/oncocytic tumors,
occasional clear cell RCC

Cutaneous fibrofolliculomas, lung
cysts, spontaneous pneumothorax
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spindle cell carcinoma (rare), and unclassifiedRCC
(1–3 %) [7]. Additional details on the histology can
be found in Chap. 18.

17.2.2 Screening

Due to the relatively low incidence of RCC in the
general population, there is no indication for
widespread implementation of screening. Screen-
ing patients with RCC for somatic mutations has
been recommended in younger patients (45 years
or younger) presenting with a family history of
RCC, bilateral/multifocal renal masses, associated
extrarenal clinical manifestations, and/or certain
specific tumor histologies [8].

17.2.3 Treatment

The initial treatment provided to patients pre-
senting with RCC depends on clinical stage and
performance status at presentation. For localized
kidney cancer (non-metastatic) the standard of
care is radical or partial nephrectomy. Recent
studies have focused on the long-term outcomes
of patients receiving nephron-sparing surgery
(NSS) due to the increased risk of chronic renal
disease after radical nephrectomy. Alternatively,
outcomes for partial nephrectomy for renal mas-
ses that are less than or equal to 7 cm but confined
to the kidney (clinical stage T1) have been shown
to have equivalent oncologic outcomes compared
to radiofrequency ablation (RFA) [9]. Other

option for management of small renal masses
(≤4 cm) includes active surveillance where mas-
ses are followed with serial imaging to establish
growth kinetics and intervention is performed if
the mass demonstrates significant growth.

The role of cytoreductive nephrectomy or
“debulking nephrectomy” in patients with meta-
static disease evidence of metastatic disease has
also been established [10]. Studies demonstrated
an improvement in progression-free survival in
patients who underwent cytoreductive nephrec-
tomy for metastatic RCC. Ongoing clinical trials
are evaluating the role of cytoreductive nephrec-
tomy in the era of targeted drug therapy. Further-
more, clinical trials are ongoing to evaluate the
role of neoadjuvant targeted therapy to improve
the chances of performing nephron-sparing sur-
gery in patients who would otherwise only be
candidates for a radical nephrectomy [11].

17.2.4 Prognosis

Pathologic stage, tumor size, nuclear grade, his-
tologic subtype, and molecular subtypes have the
greatest utility for prognosis. Pathologic stage is
the most important prognostic factor [12].
Five-year relative survival among RCC patients
diagnosed between 1992 and 2007 in the U.S. is
73 % among white patients and 68 % among
black patients [13]. Among white patients, 5-year
relative survival is 93 % for those diagnosed with
localized disease, 66 % for regionally spread
disease, and 10 % for distant metastasis [13].

Table 17.3 TNM staging of renal cell carcinoma [133]

Stage Tumor
size

Localization Description

T1 Diameter
≤7 cm

Localized Tumor confined to the kidney

T2 Diameter
>7 cm

Localized Tumor confined to the kidney

T3 Any size Regional Tumor extends into major veins or perinephric tissues but not into the
ipsilateral adrenal gland and not beyond Gerota fascia

T4 Any size Metastatic Tumor invades beyond the Gerota fascia
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17.3 Descriptive Epidemiology

Globally, there were an estimated 337,860 new
cases of kidney cancer and 143,406 deaths due to
kidney cancer in 2012 [14]. U.S. and interna-
tional cancer statistics generally combine RCC
and cancer of the renal pelvis, with RCC com-
prising approximately 90 % of total kidney
cancer.

There is considerable variation in incidence of
kidney cancer between geographical regions
(Fig. 17.1). Age-standardized incidence rates
vary from 1.2 per 100,000 in Africa to 11.7 per
100,000 in North America [14]. Variation in
mortality rates is lower, with age-standardized

mortality rates ranging from 1.0 per 100,000 in
Africa to 3.1 per 100,000 in Europe [14].

Rates of kidney cancer are higher among men
than women worldwide, with rates approximate
two times higher in men (Fig. 17.1). Among men
and women, and in countries with lower and
higher incidence, incidence rates begin to
increase around age 30 and continue to rise until
after age 70. There is some suggestion of a pla-
teau or decrease in incidence rates by age 80
(Figs. 17.2 and 17.3).

Incidence of kidney cancer has been increas-
ing in recent decades worldwide. Age-
standardized incidence rates of kidney cancer
over time are shown for several countries in

Fig. 17.1 Age-standardized incidence and mortality rates of kidney cancer by region, 2012 [14]
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Fig. 17.2 Kidney cancer
incidence by age among
men [14]
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Fig. 17.3 Kidney cancer
incidence by age among
women [14]
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Fig. 17.4. In the U.S., the annual percent change
in age-standardized incidence rates has been
approximately 2 % per year throughout the per-
iod from 1975 to 2012 [15]. The increase in
incidence is likely due in part to increased
diagnosis related to use of imaging technologies
including ultrasound and computer tomography
(CT) scanning. Increased prevalence of risk fac-
tors for kidney cancer including diabetes, obe-
sity, and hypertension may also play a role. The
increased incidence of kidney cancer in the U.S.
has been largely seen for localized cancers,
suggesting that increased diagnosis due to
increased use of imaging has played a key role in
the increase in incidence; however, smaller
increases in the diagnosis of more advanced
cancers suggests that other factors have also
played a role [2]. Mortality rates increased with
incidence rates from the 1970s to the 2000s, but
have plateaued in the past decade in the US and
Europe, with suggestions of a decrease in some
countries in Northern and Western Europe [3, 15,
16]. In the U.S., the annual percent change in
age-standardized kidney cancer mortality rates
was 1.3 % for 1980–1989 and 0.4 % for 1990–
2012, and then decreased −0.9 % from 2003 to
2012 [15].

In the U.S., kidney cancer incidence and
mortality rates are higher in blacks than in whites
(Fig. 17.5). Incidence and mortality rates have
also increased more since the 1970s for blacks
than for whites, with an age-standardized annual
percent change of 2.8 % for blacks and 2.1 % for
whites from 1975 to 2012, and an increase in
mortality rates of 0.8 % in blacks and 0.3 % in
whites from 1969 to 2012 [15]. Median age at
diagnosis is lower in blacks than whites [13, 17].
The reasons for these differences are not clear;
however, the prevalence of obesity and hyper-
tension are higher in blacks than in whites [18].

17.4 Risk Factors

Smoking and obesity-related traits including
obesity, hypertension, and diabetes have been
consistently identified as risk factors for RCC.

Several reproductive factors among women also
appear to be associated with RCC risk. There is
also some evidence for associations with anal-
gesic use, physical activity, alcohol intake, and
other aspects of diet. The association between
these factors and RCC incidence is discussed
below; data on the associations with survival
after diagnosis are also discussed when available.

17.4.1 Smoking

The International Agency for Research on Cancer
(IARC) considers there to be “sufficient” evi-
dence that cigarette smoking causes RCC [19].
A 2005 meta-analysis [20] of 19 case-control and
5 cohort studies found the relative risk of RCC for
ever smokers versus never smokers was 1.38
(95 % CI 1.27–1.50), with a dose-dependent
increase in risk for number of cigarettes per day
(Table 17.4). Associations of cigarette smoking
were stronger in cohort and population-based
case-control studies compared to hospital-based
case-control studies. The IARC review from 2004
found adjustment for hypertension or body mass
index (BMI) did not appear to have a large impact
on the smoking associations in studies that
reported relative risks with and without adjust-
ment for these other risk factors [20].

The relative risk for ever smoking was slightly
higher in men than in women among the five
cohort studies included in the 2005 meta-analysis
(Men: Relative Risk (RR) 1.54, 95 % Confidence
Interval (CI) 1.42–1.68; Women: RR 1.22, 95 %
CI 1.09–1.36). Three cohort studies have been
published since the meta-analysis. One in the
Nurses’ Health Study (women) and the Health
Professionals Follow-up Study (men) found a
significant trend for increased risk of RCC with
increasing pack-years of smoking among men
(p = 0.003) and a borderline significant trend
among women (p = 0.09) [21]. Another found
significant trends in both men and women
(p < 0.001 for men, p = 0.02 for women) [22].
A third found significantly increased risk for 22.5
or more pack-years of smoking among men and
women combined [23].
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The 2005 meta-analysis found some sugges-
tion that increased years since quitting smoking
was associated with a lower risk of RCC; how-
ever, this was seen only among men, and there
was significant heterogeneity between studies.
Five [24–28] of six [29] studies included in the
2004 IARC review found significant negative
trends with increasing number of years since
quitting. The time required for the relative risk to
return to that of never smokers varied across
studies and ranged from 10 years to greater than

20. A study published after the IARC review
found that years since quitting was associated
with a linear decrease in risk of RCC, but that
30 years were required for risk to return to that of
never smokers [30].

Two studies have examined smoking and risk
of specific histological subtypes of RCC. One
study based on data from two large case-control
studies, one in the US with population-based
controls and one in Europe with hospital-based
controls, found no association overall between

Fig. 17.4 Incidence of
kidney cancer over time in
selected countries [14]
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Fig. 17.5 Kidney cancer
incidence over time in the
US by race and sex [14]

Table 17.4 Relative risk
of RCC by smoking
history, from meta-analysis
of 24 studies [20]

Smoking category Men Women

Never smokers 1.00 (reference) 1.00 (reference)

Ever smoker, 1–9 cigs/day 1.60 (1.21–2.12) 0.98 (0.71–1.35)

Ever smoker, 10–19 cigs/day 1.83 (1.30–2.57) 1.38 (0.90–2.11)

Ever smoker, 20+ cigs/day 2.03 (1.51–2.74) 1.58 (1.14–2.20)
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smoking and any subtype of RCC; however, the
US study found an increased risk of clear cell and
papillary subtypes, but not of chromophobe [31].
Consistent with this, a study comparing 705
consecutive RCC cases with 111 cancer-free
nephrectomy patients found that smoking was
associated with clear cell and papillary, but not
with chromophobe RCC [32].

An IARC review of involuntary smoking in
2004 found no evidence on environmental
tobacco smoke (ETS) and RCC risk. At that time
only one study had examined the issue and found
nonsignificant increased risks for both men and
women reporting more than 8 h per day of ETS
exposure [29]. Two more recent population-
based case-control studies found significantly
increased risks of RCC with both home and
occupational ETS exposure [33, 34].

Survival. A meta-analysis of 5 studies exam-
ining smoking and disease-specific mortality in
RCC patients found that current smoking was
significantly associated with poorer survival,
with a hazard ratio of 1.5 (95 % CI 1.1–2.1)
compared to never smokers [35]. Current smok-
ing was also associated with increased overall
mortality, poorer overall survival, poorer
cancer-specific survival, and worse progression-
free survival across 14 studies of smoking in
RCC patients.

Current smokers tend to be diagnosed with
more advanced (higher stage) disease, and it is
not clear whether smoking is associated with
poorer prognosis independent of stage at diag-
nosis. A study of 2242 surgically treated clear
cell RCC patients from the Mayo Clinic found no
association between current smoking and risk of
RCC-specific death after adjustment for stage,
with a hazard ratio of 1.03 (95 % CI 0.85–1.23)
[36]. However, a clinical study of 1809 patients
found that smoking was independently associ-
ated with survival among patients diagnosed with
non-metastatic cancer, but not among those with
metastasis at diagnosis. Among patients with
non-metastatic disease, each pack-year of smok-
ing was associated with a 1 % increased risk
of cancer-specific death (p = 0.008), with

adjustment for stage, grade, and other clinical
prognostic factors [37]. As in the Mayo Clinic
study, smoking was associated with higher stage
and grade at diagnosis in this study population.
The role of smoking in RCC survival warrants
further investigation, perhaps with incorporation
of tumor biomarkers that could shed light on
whether smoking plays an independent role in
cancer progression after diagnosis and treatment.

17.4.2 Hypertension and Renal Cell
Carcinoma

Hypertension has been consistently associated
with risk of RCC, independent of obesity,
smoking, and diabetes. Because RCC may
increase the risk of hypertension through tumor
secretion of renin, renal artery stenosis, renal
failure, or other means, the direction of observed
associations in epidemiological studies has not
always been clear. However, a sufficient number
of studies have found that a long-term history of
hypertension is associated with RCC risk and
that there is a dose–response relationship
between higher blood pressure and RCC risk to
conclude that hypertension is a risk factor for the
development of RCC [21, 22, 38–42]. In addi-
tion, a Swedish cohort study of men [38] with
multiple measures of blood pressure over time
found that increases over time were associated
with increased risk and decreases were associated
with decreased risk, suggesting that effectively
controlling hypertension may reduce risk of
RCC. A study of risk factors according to his-
tological subtypes of RCC found no differences
in the hypertension–RCC relationship between
subtypes [31].

The relative risk of RCC for those with a
history of hypertension diagnosis compared to
those without is approximately 1.5–2.0 across
studies [21, 22, 41, 42]. The relative risk asso-
ciated with high systolic blood pressure (with
definitions ranging from >130 to >160 mm Hg)
compared to normal (typically <120 mm Hg)
ranges from 1.5 to 2.5 across studies. For high
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diastolic blood pressure (>90 or >100 mm Hg,
compared to <80 mm Hg), the relative risk ran-
ges from 1.5 to 2.3 [38–40, 42]. These risks
associated with hypertension are independent of
obesity and smoking.

Some studies reported an increased risk of
RCC with use of antihypertensive medications;
however, the EPIC study, which prospectively
measured blood pressure in nearly 300,000
people, found that medication use was only
associated with RCC when hypertension was
poorly controlled, suggesting that hypertension
itself drives the observed associations with anti-
hypertensive medications [40].

A population-based case-control study in
Detroit and Chicago found that hypertension
diagnosis was associated with RCC risk in both
whites and blacks, and that risk increased with
increasing time since diagnosis, reaching a
4.1-fold (95 % CI 2.3–7.4) for blacks and
2.6-fold (95 % CI 1.7–4.1) for whites higher risk
after 25 years [43]. Another study based in the
Kaiser Permanente Northern California health
care network also found similar associations
between hypertension and RCC risk across races
[42]. This suggests that the increased incidence
of RCC among African-Americans may be due,
in part, to the increased prevalence of hyperten-
sion in this group. Interestingly, the angiotensin
receptor inhibitors, a class of antihypertensives,
has been shown to improve overall and
progression-free survival in patients with meta-
static RCC [44].

17.4.3 Obesity

A meta-analysis of cohort studies with 15,144
cases and 9,080,052 participants found increased
risks of RCC with increased BMI [45]. The
pooled relative risk for overweight (BMI 25–
<30 kg/m2) was 1.28 (95 % CI 1.24–1.33), and
for obese (BMI ≥30 kg/m2) was 1.77 (95 %
CI 1.68–1.87) compared to BMI of
18.5–<25 kg/m2). There was no evidence of

heterogeneity across studies. Relative risks were
somewhat stronger for women than for men (RR
for obesity of 1.63, 95 % CI 1.50–1.77 for men;
1.95, 95 % CI 1.81–2.10 for women).

An analysis of two case-control studies of
RCC examining risk factors by histological
subtype found that BMI was associated with risk
of clear cell (odds ratio (OR) 1.2, 95 % CI
1.1–1.3 per 5 kg/m2 increase) and chromophobe
(OR 1.2, 95 % CI 1.1–1.4) but not papillary RCC
(OR 1.1, 95 % CI 1.0–1.2, p-value for difference
from clear cell = 0.006) [31]. An Italian
hospital-based case-control study also found a
suggestion that higher BMI at age 30 was more
strongly associated with clear cell than with
non-clear cell histology (p-value for interac-
tion = 0.08) [46].

Survival. Multiple clinical cohorts of patients
treated for RCC, usually with surgery, have
found that obesity is associated with improved
survival [47, 48]. This has given rise to an
“obesity paradox” which stipulates that while
obese people are more likely to be diagnosed
with RCC, they appear less likely to die of the
disease.

A meta-analysis [47] of 15 studies of BMI and
cancer-specific mortality found a pooled relative
risk of 0.66 (95 % CI 0.53–0.81) for a 5 kg/m2

increase in BMI, with evidence of significant
heterogeneity across studies. The heterogeneity
may be partially explained by geographical dif-
ferences, with a stronger association in Asian
compared to European and American studies,
and to adjustment for presence of symptoms at
diagnosis, with a stronger association in studies
that adjusted for symptom presence. Sex does not
appear to have been examined as a source of
heterogeneity in the meta-analysis. However, a
Japanese study of 435 patients surgically treated
for RCC found that obesity was associated with
better prognosis in men, but not in women [49].
A study of 2769 patients surgically treated for
non-metastatic RCC in Korea found that higher
BMI was associated with significantly improved
cancer-specific survival in clear cell RCC, with
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significantly worse cancer-specific survival in
chromophobe RCC, and was not associated with
survival in papillary RCC [50]. The lack of
association with papillary RCC is consistent with
the observations for incidence as well.

It has been hypothesized that obese patients
develop a biologically less aggressive disease.
Supporting this, a study in a subset of 126
patients from a clinical cohort surgically treated
at Memorial Sloan-Kettering Cancer Center who
had data available from The Cancer Genome
Atlas Project found significantly lower gene
expression of fatty acid synthase (FASN) in
obese patients [48]. FASN expression, in turn is
associated with increased cancer-specific mor-
tality in clear cell RCC.

However, the “obesity paradox” may also be
explained by methodological problems with the
study designs, rather than by any underlying
biology. Reverse causation is a major concern,
given that the evidence comes from clinical
cohorts with measures of obesity at the time of
diagnosis or treatment. At that point, there may
have been weight loss due to undiagnosed dis-
ease, which likely correlates with disease sever-
ity. In addition, these clinical cohorts likely suffer
from selection bias, as they tend to be based
among surgically treated RCC patients, rather
than among all patients diagnosed with RCC,
regardless of treatment strategy. Finally, another
form of selection bias is a methodological prob-
lem in studies of disease survival when the
exposure of interest is also a risk factor for dis-
ease incidence [51]. Given these potential limi-
tations, more study is needed to understand the
role of obesity in RCC survival.

17.4.4 Height

A recent review and meta-analysis for the World
Cancer Research Fund (WCRF)/American Insti-
tute for Cancer Research (AICR) Continuous
Update Project found a significant positive
association between adult attained height and
kidney cancer risk. Across 10 studies included in
the dose–response meta-analysis, with 9874

cases, a 5 cm increase in height was associated
with a 10 % increased risk of kidney cancer
(95 % CI 1.08–1.12) [52]. The association was
similar for men and for women. In two studies of
kidney cancer mortality, height was nonsignifi-
cantly inversely associated with mortality in one
study [53] and nonsignificantly inversely asso-
ciated with mortality in the other [54].

17.4.5 Diabetes and Diabetes
Medications

Diabetes mellitus (DM) has been associated with
an increased risk of various cancers [55]. There is
particular interest in studying this association in
renal cell carcinoma (RCC) due to advances in
genetic sequencing that have allowed the identi-
fication of metabolic alterations that are key
drivers of disease [1]. Furthermore, the most
well-established risk factors for RCC are hyper-
tension and obesity, which are components of the
metabolic syndrome. The proposed mechanisms
through which diabetes may exert an effect on
RCC risk include insulin resistance, hyperinsu-
linemia, increased growth factors, and inflam-
mation [56].

Studies evaluating the association of DM on
incident and fatal RCC have yielded conflicting
results. A recent meta-analysis of 18 case-control
and cohort studies found an increased risk of
RCC in patients with DM (RR 1.40, 95 % CI
1.16–1.69). The risk for women was somewhat
higher than for men (RR for women 1.47, 95 %
CI 1.18–1.83; RR for men 1.28, 95 % CI
1.10–1.48) [57]. Results were very similar in the
5 studies that adjusted for BMI, smoking, and
alcohol intake (Only 3 of 18 studies adjusted for
hypertension, and the effect of this adjustment
was not examined in the meta-analysis). Among
8 cohort studies that evaluated the association
between DM and RCC mortality, the pooled RR
was 1.12 and not statistically significant (95 %
CI 0.99–1.20) [57].

Studies varied in their ascertainment of
diabetic status (physician confirmed vs. self-
reported) and exclusion of type 1 diabetes. Most
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studies were not able to assess the association
between severity of DM (i.e., HgA1c or diabetic
complications) and incident or fatal RCC.

Survival. A common challenge faced in pub-
lished series analyzing differences in outcomes
between diabetic and nondiabetic cases is the
potential for confounding introduced by a sub-
stantial imbalance in clinical demographic fea-
tures between the two groups. Most studies have
not found a difference in RCC histologic subtype,
grade, or stage at presentation in patients with
DM compared to those without diabetes [58–60].
However, two studies found that patients with
DM presented with higher grade disease [61, 62].

Several studies suggest a positive association
between DM at time of surgery and survival
outcomes. The largest study comes from a
multi-institution retrospective cohort of 2597
patients (14 % with DM) with localized RCC
(pT1–2). Patients with DM had a worse recur-
rence free survival (RFS), cancer-specific sur-
vival (CSS), and overall survival (OS) [63].
However, this study was limited by short
follow-up, with a median of 3 years. Studies with
longer follow-up have reported conflicting
results. A study from the Mayo clinic of 257
patients with diabetes and matched nondiabetic
patients treated surgically for RCC found that
those patients with DM had worse DSS and OS
over a median 8.7 years of follow-up [64].
However, other studies have reported similar
outcomes between patients with and without DM
[60, 62]. Further studies with longer follow-up
and competing risks analyses are needed to
assess the effect of DM on survival outcomes in
patients with DM.

17.4.6 Analgesic Use

Both acetaminophen (Tylenol) and nonaspirin
NSAIDs (ibuprofen, naproxen) have been asso-
ciated with risk of RCC. A 2013 meta-analysis of
11 case-control studies and 3 cohort studies
found a pooled relative risk for acetaminophen
use (any use or regular use, depending on the

study, compared to no use) of 1.28 (95 % CI
1.15–1.44) [65]. There were no significant dif-
ferences by study design, country, or outcome (5
of the 14 studies used combined “kidney cancer”
as the outcome rather than RCC). Nine of the
studies also examined high intake of acet-
aminophen and found a pooled RR of 1.68 (95 %
CI 1.22–2.30). In five studies that assessed
duration of use there was no association between
longer duration and risk of kidney cancer.
Results were similar among 10 studies that
adjusted for (at least) BMI and smoking.

Use of nonaspirin NSAIDs was also associ-
ated with significantly increased risk, with a
pooled RR of 1.25 (95 % CI 1.06–1.46) for any
or regular use compared to no use across five
studies, 3 case-control and 2 cohort. Two of these
studies [66] looked at higher intakes, with a
significantly increased risk, and one [67] looked
at duration of use, with an increased risk for 10
more years of use. Among 3 studies that adjusted
for (at least) BMI and smoking, results were
somewhat stronger (pooled RR 1.38, 95 % CI
1.16–1.65). However, an additional large cohort
study, the NIH-AARP cohort, with 1084 cases of
RCC, was published after this meta-analysis and
found no association between nonaspirin NSAID
use and RCC [68].

The 2013 meta-analysis found no association
between aspirin use and kidney cancer across 14
studies [65]. Since then, the NIH-AARP cohort
also found no association between aspirin use
and RCC risk [68].

The biological mechanisms for the observed
associations for acetaminophen and nonaspirin
NSAIDs are not clear. Acetaminophen is a
metabolite of phenacetin, an analgesic banned in
the US since 1983, which causes renal failure
and cancers of the renal pelvis [69]. However,
the association for acetaminophen was seen in
studies focusing on RCC in the meta-analysis
[65], and it has been shown to induce kidney
tumors in mice [70, 71]. NSAIDs inhibit renal
synthesis of prostaglandins, which can result in
chronic subacute renal injuries [72–74]; this
could theoretically lead to carcinogenesis.
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17.4.7 Reproductive Factors
and Hormones

Sex differences in renal cell carcinoma (RCC)
incidence suggest the possible role of hormonal
factors. As a result of this observed difference,
hormonal therapy for advanced RCC was the
subject of clinical trials in the 1970s and 1980s,
preceding the advent of cytokines; however,
response rates were low and there is currently no
established role for hormonal agents in the man-
agement of RCC [75].

The androgen receptor has consistently been
found to be expressed in RCC [76, 77]. Fur-
thermore, androgen receptor mRNA expression
has been associated with prognosis [78]. Recent
studies have also linked androgen receptor
function to RCC progression through its influ-
ence on HIF2α[alpha]/VEGF signaling [79].

Polymorphisms in the estrogen receptor have
been associated with RCC [80]. Recently, studies
have evaluated the role of estrogen as a possible
inhibitor of carcinogenesis in RCC. Estrogen
receptor-β[beta] may have a role in decreasing
cell proliferation and inducing apoptosis [81].
Estrogen receptor-α[alpha] expression has also
been implicated in RCC risk [82]. Animal and
in vitro models have demonstrated a potential
role of estrogen and progesterone in the devel-
opment of RCC [83].

Parity has been associated with risk of RCC,
with a 10–15 % higher risk of RCC per child-
birth, and an increased risk for earlier age at first
birth [84–88]. However, other studies have found
no such associations [89]. Associations with oral
contraceptive use and postmenopausal hormone
use have been inconsistent [84–86, 90–92].

17.4.8 Physical Activity

A meta-analysis of physical activity and kidney
cancer from 2013 based on 19 studies found a
relative risk for “high” versus “low” physical
activity of 0.88 (95 % CI 0.79–0.97) [93].
Among studies in the top tertile of the method-
ologic quality score the estimate was somewhat
stronger (RR 0.78, 95 % CI 0.66–0.92).

Estimates were virtually identical for cohort and
case-control studies, and for studies with and
without adjustment for obesity, diabetes, hyper-
tension, and smoking. Estimates for total
physical activity, occupational activity, and
recreational physical activity were also similar.
The meta-analysis included all kidney cancer as
an outcome, but 9 of the 12 estimates from
cohort studies of kidney cancer incidence were
based only on renal cell carcinoma, while 3
included all “kidney cancer.”

Survival. Data on the association between
physical activity and survival among kidney
cancer patients is lacking. However, one study
among 703 patients with kidney cancer found a
significant improvement in quality of life among
those engaging in 150 min or more per week of
moderate physical activity compared to those
who were completely sedentary [94].

17.4.9 Diet

Anumber of dietary factors have been studiedwith
respect to kidney cancer risk. Of these, only
alcohol intake has been consistently linked to risk.

17.4.9.1 Alcohol
A recent report from the AICR Continuous
Update Project found “strong evidence” that
alcohol intake up to 30 g per day, or about 2
drinks, decreases the risk of kidney cancer [95].
A dose–response meta-analysis of 7 studies
found a relative risk of 0.92 (95 % CI 0.86–0.97)
per 10 g of alcohol per day; this was based on
3525 RCC cases.

A pooled analysis of 12 prospective cohort
studies (3 of which were also included in the
AICR meta-analysis) [96] found that compared
with nondrinking, ≥15 g alcohol consumption
per day (equivalent to slightly more than one
drink) was associated with a 28 % lower risk of
RCC (95 % CI for RR 0.60–0.86). There were
statistically significant inverse trends for both
women and men. There were no significant dif-
ferences by type of alcohol (beer, wine, or liquor).

The AICR review concluded that there was
insufficient evidence regarding intakes of alcohol
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beyond 30 g per day. The pooled analysis found
significant evidence of nonlinearity in the associ-
ation, with a linear inverse association up to 30 g
per day and a fairly flat relationship beyond that
[96]. The European Prospective Investigation into
Cancer and Nutrition (EPIC) [96], found signifi-
cantly decreased risks for intakes up to 60 g per
day, but no association for greater than 60 g.

17.4.9.2 Other Beverages and Total
Fluid Intake

It has been hypothesized that the inverse asso-
ciation with alcohol intake might be due to a
diluting effect on carcinogens through higher
total fluid intake. However, three prospective
cohort studies found no association between total
fluid intake and risk of RCC [97–99].

There is some suggestion that tea and coffee
intake is associated with lower risk of RCC.
A pooled analysis of 13 prospective cohort
studies with 7–20 years of follow-up and a total
of 1478 incident renal cell carcinoma cases found
a pooled relative risk of 0.84 (95 % CI 0.67–
1.05) for 3 or more cups of coffee per day
compared to less than one cup per day [100]. The
relative risk for one or more cups of tea per day
compared to nondrinkers was 0.85 (95 % CI
0.71–1.02). The inverse association for coffee (3
or more cups/day vs. <1 cup/day) was statisti-
cally significant among women (RR 0.71, 95 %
CI 0.53–0.97), but not among men (RR 1.00,
95 % CI 0.73–1.37), although this difference by
sex was not statistically significant. In contrast,
the association for tea was statistically significant
among men (RR 0.72, 95 % CI 0.55–0.94), but
not women (RR 0.98, 95 % CI 0.77–1.26). The
differences by sex raise the possibility that the
results are due to chance; however, it is also
possible that dietary risk factors for RCC vary by
sex, as has been observed for other risk factors.

17.4.9.3 Other Foods and Nutrients
A pooled analysis of 13 prospective cohort
studies found evidence that fruit and vegetable
intake was associated with lower risk of RCC
[101], with a relative risk of 0.68 (95 % CI 0.54–
0.87) for 600 or more grams per day compared to
less than 200 g/day. Inverse associations were

seen for carotenoid intakes, with a significantly
reduced risk with higher intake of beta-carotene.
In the same set of 13 studies, intakes of meat, fat,
and protein were not associated with risk [102].
However, a report from the National Institutes of
Health (NIH)-AARP Diet and Health Study
cohort found a significantly increased risk of
RCC among those with higher intakes of meat
cooking carcinogens (heterocyclic amines and
polycyclic aromatic hydrocarbons) [103]. This
association was observed specifically for papil-
lary RCC, but not for clear cell RCC.

17.4.10 Other Medical Conditions

17.4.10.1 Chronic Kidney Disease
Acquired cystic kidney disease, which occurs in
end-stage renal disease (ESRD) with progressive
development of cysts in a poorly functioning or
nonfunctioning kidney, is strongly associated
with the development of RCC [104]. Acquired
cystic disease is seen in 7–22 % of patients with
ESRD prior to dialysis, but the proportion
increases to about 90 % after 10 years of dialy-
sis. RCC arising in ESRD patients has distinct
clinical and pathological features from RCC
diagnosed in the general population.

The incidence of RCC in patients with ESRD
has been reported to be up to 40–100-times higher
than in the general population [105]. This
increased risk continues even after renal trans-
plantation. RCCs arising in native kidneys of
patients with ESRD are less aggressive than renal
tumors in the sporadic or non-ESRD setting
[106]. Furthermore, patients with chronic renal
insufficiency have been shown to have an
increased risk of papillary RCC [107]. It is
unclear if the underlying renal damage is itself a
carcinogenic event or else the cause of normal
cells transformation is related to other mecha-
nisms such as the presence of circulating car-
cinogens or an immune system dysfunction [108].

17.4.10.2 Previous Cancers and Cancer
Treatment

Increased risk of kidney cancer as a second pri-
mary malignancy has been observed for people
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with Hodgkin’s lymphoma, testicular cancer,
cervical cancer [109], and breast cancer [110]. It
is not clear whether the increased risk is due to
shared genetic or environmental risk factors,
increased screening or imaging studies, or
treatment-related effects from the first cancer
[109]. A recent study in Taiwan found that
patients treated for thyroid cancer with radioac-
tive iodine were at significantly increased risk of
kidney cancers, along with other cancers, par-
ticularly among those exposed to higher cumu-
lative radioactive iodine doses [111].

17.5 Genetics of Renal Cell
Carcinoma

Individuals with a family history of RCC in a first
degree relative have a 2-fold increased risk of
developing RCC themselves [112]. Familial RCC
syndromes have provided a great deal of under-
standing of the genetic predisposition to RCC. All
known familial RCC syndromes have an auto-
somal dominant inheritance pattern. Genes relat-
ing to these syndromes are summarized below
and presented in greater detail in Chap. 18. Most
of the familial risk, however, is due to more
common genetic variants with lower penetrance.

17.5.1 Von Hippel Lindau (VHL)

VHL is located on the short arm of chromosome
3 [113]. Under normal conditions, the VHL
protein targets hypoxia-inducible factors (HIFs)
HIF1α[alpha] and HIF2α[alpha] for ubiquitin-
mediated degradation. The HIFs are overex-
pressed under conditions of hypoxia and act as
transcription factors to regulate vascular
endothelial growth factor (VEGF) and other
growth factors [114].

Germline VHL mutations are responsible for
the VHL syndrome, which is characterized by a
high risk of clear cell RCC as well as
pheochromocytoma, pancreatic islet cell tumors,
central nervous system hemangioblastomas,
retinal angiomas, endolymphatic sac tumors of
the inner ear, and epididymal cystadenomas.

RCC associated with the VHL syndrome tends to
be bilateral and multifocal, and often develops at
an early age. VHL inactivation is also responsi-
ble for the majority of sporadic (non-inherited)
clear cell RCCs [115]. The VHL/VEGF pathway
is the basis for modern targeted therapies for
advanced RCC; the tyrosine kinase inhibitors
inhibit the VEGF receptor, while bevacizumab—
a monoclonal antibody—targets the VEGF
ligand, and the mammalian target of rapamycin
(mTOR) inhibitors inhibit the translation and
stability of HIF. Prior to elucidation of these
pathways, advanced RCCs were exclusively
treated with nonspecific immunotherapies.

17.5.2 c-Met

The c-Met proto-oncogene, located on chromo-
some 7, is the cell surface receptor for hepatocyte
growth factor (HGF). Germline Met derange-
ments are responsible for hereditary papillary
RCC (HPRC) [116]. This disorder is associated
with bilateral, multifocal papillary (type 1) RCC
[117]. Met mutations have also been implicated
in some sporadic papillary RCCs [118].

17.5.3 Fumarate Hydratase

Fumarate hydratase (FH) is a tumor suppressor
gene located on chromosome 1 which is respon-
sible for the conversion of fumarate to malate in
the Krebs/TCA cycle. Mutations of this tumor
suppressor gene are responsible for the hereditary
leiomyomatosis and RCC syndrome (HLRCC).
Affected individuals are at high risk for papillary
renal cell carcinoma (type 2), in addition to
cutaneous and uterine leiomyomas [119]. RCC
associated with HLRCC is of relatively poor
prognosis.

17.5.4 FLCN

FLCN encodes folliculin and is located on chro-
mosome 17. Germline mutations are responsible
for the Birt Hogg Dubé (BHD) syndrome [120],
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resulting in an increased risk of chromophobe and
oncocytic renal tumors [121]. Non-renal mani-
festations include cutaneous fibrofolliculomas,
pulmonary cysts, pneumothorax, and possibly
colonic polyps.

17.5.5 TSC1 and TSC2

Tuberous sclerosis complex (TSC) is caused by
germline mutations of TSC1 or TSC2 on chro-
mosomes 9 and 16 which produce hamartin and
tuberin, respectively. This syndrome is associ-
ated with a wide range of clinical manifestations.
Its renal manifestations include renal angiomy-
olipoma, cysts, and less commonly, RCC [122].
Clear cell, chromophobe, and oncocytic renal
tumors have been observed.

PTEN. Cowden syndrome is characterized by
autosomal dominant germline mutations in phos-
phatase and tensin homolog PTEN. Patients
develop multiple hamartomas and are at increased
risk of renal, breast, endometrial and thyroid can-
cers. Clear cell, chromophobe, and papillary neo-
plasms have been observed [8].

17.5.6 GWAS-Identified Susceptibility
Genes

The rare germline mutations discussed above do
not account for a large part of the familial risk of
RCC [123]. Several genome-wide association
studies (GWAS) have been done in RCC to
identify single-nucleotide polymorphisms (SNPs)
associated with more modest increases in disease
risk [124–127]. Risk SNPs have been identified at
chromosome locations 2p21, 2q22.3, 8q24.21,
11q13.3, 12p11.33 and 12q24.31. A recent
meta-analysis of published GWAS also identified
a susceptibility locus at 1q24.1, mapping to
ALDH9A1 [128].

17.5.7 Other Gene Candidates

Germline mutations of the succinate dehydroge-
nase (SDH) gene results in the familial pheochro-

mocytoma/paraganglioma syndrome and an
increased risk of clear cell RCC [129]. Mutations
in chromatin remodeling genes, including
PBRM1, SETD2, and BAP1, are also associated
with clear cell RCC [130, 131]. Genes encoding
histone-modifying proteins have been implicated
in somatic RCC mutations [114]. A recent study
that profiled the molecular signatures of 446 renal
tumors identified 19 individual genes that were
mutated with various frequencies [130].

17.6 Summary

Insights into the molecular underpinnings of
RCC have contributed significantly to the
understanding of the underlying mechanisms
involved in the pathogenesis of RCC. These
studies have lead to the development of molec-
ularly targeted treatments for advanced RCC.
Several lifestyle factors including obesity,
hypertension, smoking, and diabetes have been
consistently associated with an increased risk of
RCC. Work remains to be done to elucidate the
underlying mechanisms by which these risk
factors increase the incidence of RCC and how
these factors affect survival outcomes in this
patient population.
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18Pathology and Molecular Pathology
of Renal Cancer

Sue Chang and Massimo Loda

18.1 Introduction

We begin this chapter by reviewing the devel-
opment of the kidney together with a description
of the normal anatomy and histology. Disease
states and benign tumors are discussed next,
followed by an introduction to renal cell carci-
noma and its main variants. Familial cancer
syndromes associated with renal cell carcinoma
are presented and finally, emerging histologic
variants and their molecular underpinnings are
also considered.

18.2 Embryology

From the fourth to fifth weeks of embryogenesis,
the intermediate mesoderm layer forms three
sequential kidney systems: the pronephros,
mesonephros, and metanephros. The pronephros
regresses by the end of the fourth week. Portions
of the mesonephros remain as the Bowman’s
capsule around the eventual glomerulus and the

ureteric bud. The metanephros is the permanent
kidney system, and appears in the fifth week. The
metanephros differentiates into the metanephric
mesoderm and metanephric blastema. The ure-
teric bud and the metanephric blastema meet to
develop into a functional permanent kidney by
the twelfth week of embryogenesis. The ureteric
bud develops into the collecting system, which
consists of collecting ducts, major and minor
calyces, and the ureter. The metanephric blas-
tema eventually develops into the excretory
system, which consists of glomeruli, proximal
convoluted tubule, loop of Henle, and distal
convoluted tubule. The renal tumors discussed in
this chapter are all derivatives of the metanephric
blastemal cells [1].

18.3 Anatomy and Histology

The kidney is encapsulated by a dense capsule of
fibroblasts and myofibroblasts. Anatomically, it is
separated into an outer cortex and an inner
medulla. The cortex is composed of a renal cor-
puscles and a subsequent series of convoluted and
straight tubules. The medulla contains the proxi-
mal and distal straight tubules and collecting ducts
of the nephron, which collect the plasma ultrafil-
trate into minor calices, major calices, and ulti-
mately the renal pelvis.

The nephron is the basic functional unit of the
kidney, and is composed of the renal corpuscle
(glomerulus, Bowman’s capsule), proximal
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convoluted tubule, proximal straight tubule,
descending thin limb, thick ascending limb, dis-
tal convoluted tubule, connecting tubule, and the
collecting ducts. The nephron is accompanied by
an equally complex vascular system of afferent
arterioles, efferent arterioles, glomerular capil-
laries, and peritubular cortical venous plexi.
Twenty-five percent of cardiac output at one time
is located in the renal system, 90–95 % of which
is in the renal cortex (Fig. 18.1).

18.4 Disease States and Benign
Tumors

18.4.1 Autosomal Dominant
Polycystic Kidney
Disease (PKD1
or PKD2 Gene)

Autosomal dominant polycystic kidney disease
(ADPKD) is an inherited developmental disorder

Cortex
Major calyx

Minor calyx

Medulla

Renal pelvis

Ureter

(a) (b)

(c)

Renal
cortex

Renal
medulla

Distal convoluted tubule Proximal
convoluted
tubule

Loop of Henle

Collecting
duct

Glomerus

Fig. 18.1 Renal anatomy and histology. a Anatomically,
the kidney is separated into an outer cortex and inner
medulla. The glomeruli and convoluted tubules are
located in the cortex. b The plasma ultrafiltrate is
concentrated through a series of tubes that empties into
the collecting ducts and eventually into the calices, renal

pelvis, and ureter. c The glomerulus contains arterioles
and capillaries surrounded by podocytes and mesangial
cells, and filters plasma. Adjacent to the glomeruli in this
cross-section are proximal convoluted tubules and distal
convoluted tubules
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of the kidney that is characterized by the devel-
opment of cysts. The PKD1 gene is responsible
for 85–90 % of cases, and the PKD2 gene is
responsible for the remaining 15–20 %. These
genes encode for polycystin-1 and polycystin-2,
respectively, which are used in the assembly of
cilia in the renal tubules. The resultant cysts
develop anywhere along the nephron and involve
both renal cortex and medulla, and can also
develop in the liver and pancreas. Cystic
destruction of the nephrons and collection of
necrotic fluid within the cysts causes renal fail-
ure, massively enlarged kidneys, hypertension,
hematuria, and flank pain.

The cysts are lined with an attenuated
columnar to cuboidal epithelium and thickened
basement membrane, and involved by a mixed
inflammatory infiltrate. Some studies have sug-
gested an increased risk of renal cell carcinoma
in those with ADPKD, but a definite causation
has not been found.

18.4.2 Benign Cysts

Benign cysts can develop as part of the global
effect of diseases such as von Hippel–Lindau
disease or tuberous sclerosis. The cysts develop
in the renal cortex, and are lined by hyperplastic
epithelium, although there is no known associa-
tion of these cortical cysts with malignancy.

18.4.3 Oncocytoma

Oncocytomas are benign neoplasms that grossly
are well-circumscribed, brown in appearance, and
may have a central scar. The oncocytoma cells
have a dense nested architecture and individual
cells are eosinophilic (oncocytic) due to their high
mitochondrial content. The cells are typically
uniform in appearance and positive for KIT by
immunohistochemistry. Unlike many RCCs,
oncocytoma cells are negative for cytokeratin 7.
The main differential diagnosis is the eosinophilic
variant of chromophobe RCC (Ch-RCC, dis-
cussed in more detail in Sect. 18.7.3), in which
cytokeratin 7 is usually positive.

Themitochondrial accumulation in oncocytoma
tumor cells has been hypothesized to be a compen-
satory mechanism for insufficient oxidative phos-
phorylation [2]. A number of molecular
abnormalities have been detected in sporadic onco-
cytomas, chiefly loss of chromosomes Y and 1, and
alterationsofchromosome11q13.Thealterationsof
chromosome 11q13 involve the CCDN1 gene,
causing overexpression of cyclin D1 gene product.
However, many oncocytomas have no detectable
abnormalities by fluorescence in situ hybridization
(FISH)orchromosomalkaryotyping.Whenfamilial
cases of oncocytoma have been reported, the
patients have been found to have Birt–Hogg–Dubé
syndrome (discussed in Sect. 18.7.3.2) [3, 4].

18.5 Renal Cell Carcinoma

Renal cell carcinoma (RCC) arises from the
epitheliumof the renal tubules, andrepresentsmore
than 90 % of the renal malignancies in adults.
Molecular and cytogenetic studies have elucidated
specific genetic changes in the majority of histo-
logic subtypes. Epithelial malignancies of the
kidneyarecomprisedofanumberofhistologically,
immunophenotypically, and genetically distinct
profiles, with resultant different clinical course and
increasing numbers of targeted therapeutic agents.

Although the earliest models of kidney cancer
utilized studies of inherited RCCs, hereditary
cancer syndromes account for only an estimated 2–
4 % of RCC cases. However, further comparison
betweenRCCs inhereditary cancer syndromes and
sporadic RCCs has shown common pathways and
molecular alterations within each RCC type.
Identification of the causal gene mutations has
improved the diagnostic accuracy as well as
underscored the importance of distinguishing
between types of RCC.

18.5.1 Histologic Diagnosis
and Immuno
histochemistry

RCC variants have been categorized by mor-
phology and histologic features, with
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immunohistochemical staining playing a some-
what limited role. Both benign renal tubules and
RCCs in general show positive staining with
Paired Box 8 (PAX8) antibodies. This feature is
primarily useful in confirming the renal origin of
metastatic RCC.

The histology and molecular alterations asso-
ciated with the subtypes of clear cell RCC
(CC-RCC), papillary RCC (P-RCC), and Ch-RCC
will be discussed in particular in Sect. 18.7.
However, it is important to note that a panel of
cytokeratin 7, AMACR, carbonic anhydrase 9
(CA-9), and CD10 can be useful in delineating
betweenCC-RCC, clear cell tubulopapillaryRCC,
and P-RCC. CC-RCCs are negative for cytoker-
atin 7, whereas P-RCC, tubulopapillary RCC, and
Ch-RCCare positive for cytokeratin 7. CC-RCC is
positive for CA-9, whereas most P-RCC and
Ch-RCC are negative. While P-RCCs are positive
for AMACR, 20 % of CC-RCCs are positive, and
clear cell tubulopapillary RCCs are negative [5].

A separate panel of HNF1beta, CD10, and
S100a1 is used to help differentiate between
Ch-RCC and oncocytoma. Ch-RCC demonstrates
a complete loss of HNF1beta protein expression,
and is negative for S100a. Oncocytomas retain
HNF1beta protein expression, S100a expression,
and stain with Hale’s colloidal iron. These stain-
ing differences are utilized to differentiate
between the eosinophilic variant of Ch-RCC and
oncocytomas [5].

18.5.2 Fuhrman Nuclear Grading

Fuhrman nuclear grading was the first important
independent predictive factor of disease-free sur-
vival, and is still used in the grading of most RCCs
[6]. This grading system was first published in
1982 and is based on size of nuclei, presence of
nucleoli, and nuclear membrane contours. Fuhr-
man grade I nuclei are small (<10 microns in
diameter), round, and with absent nucleoli. Fuhr-
man nuclear grade II includes nuclei 15microns in
diameter with slight nuclear irregularities and
small nucleoli visible under high power magnifi-
cation (40x). Grade III nuclei are larger (20
microns), with very irregular outlines and

prominent nucleoli visible at low power magnifi-
cation (10x). Grade IV nuclei are similar to
Grade III nuclei, but with the addition of pleo-
morphic, bizarre, or multilobated nuclei with
macronucleoli. The most severe nuclear grade
seen in one high-powered field is reported [7].

Recent modifications to the grading schema
have limited Fuhrman nuclear grading to clear
cell and papillary types, emphasized the impor-
tance of nucleolar features in grading, and
reserved nuclear grade IV for those with extreme
nuclear pleomorphism, sarcomatoid differentia-
tion, or rhabdoid differentiation [8].

18.5.3 Staging

The American Joint Committee on Cancer
(AJCC) TNM staging for RCCs, last updated in
2010, stages RCCs based on primary tumor size,
involvement of adjacent structures (adrenal
gland, renal vein, Gerota’s fascia, vena cava),
involvement of lymph nodes, and distant metas-
tasis for anatomic staging [9].

The pathologic stage has most consistently
been shown to have prognostic utility in RCC.
Pathologic staging after histologic typing has been
shown to be evenmore effective in prognosticating
outcomes. As discussed below, histologic types
have been shown to behave differently. The size of
tumor and extent of involvement leading to
pathologic stage are powerful predictors of prog-
nosis [10], with stage 1 RCC having a 5-year
disease survival of 80–95 % [11].

18.6 The Warburg Effect
and Molecular
Alterations
in Carcinoma

The Warburg effect is a theory of carcinomatosis
first posited by Otto Warburg in the 1920s [12].
A fundamental aspect of cancer is the use of
aerobic glycolysis for energy production. Tumors
that switch to aerobic glycolysis instead of
oxidative phosphorylation for energy production
must fundamentally alter the expression of a
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number of genes involved in cell metabolism,
oxygen sensing, and fatty acid synthesis [12]. As
will be discussed in the remaining sections, a
number of RCC types exemplify the Warburg
effect of altering cell metabolism and respiration
to suit tumor cell growth.

18.7 RCC Types and Associated
Familial Cancer Syndromes

A large portion of the research into molecular
underpinnings of renal tumors has been due to the
study of familial cancer syndromes. While the
syndromes represent a minority of the total renal
carcinomas diagnosed, this initial research shed
insight to the molecular drivers of sporadic renal
cell carcinomas. It is estimated that 1–4 %ofRCCs
are due to hereditary cancer syndromes [13].

18.7.1 Clear Cell Carcinoma
and Von Hippel–
Lindau (VHL)
Syndrome

18.7.1.1 Histology of CC-RCC
CC-RCC accounts for approximately 75 % of the
cancers in the kidney [14, 15]. Sporadic CC-RCC
is the most common and most aggressive subtype

of RCCs. CC-RCC is grossly bright
golden-yellow due to a high lipid content in the
lesional cells. The tumor cells are arranged in
nests, sheets, and tubules. The cells have clear
cytoplasm and single round nuclei. Intralesional
hemorrhage is common, due to the highly vas-
cular septations coursing between tumor nests.
Higher grade lesions have eosinophilic granular
cytoplasm and higher grade nuclei, and can have
focal sarcomatoid features (Fig. 18.2).

18.7.1.2 von Hippel–Lindau
Syndrome

Von Hippel–Lindau (VHL) syndrome is caused
by the inherited autosomal dominant germline
mutation of the VHL tumor suppressor gene on
chromosome 3p25. The syndrome has a high
degree of penetrance, and an estimated incidence
of 1/36,000–1/45,500. The inherited germline
mutation silences one allele of the VHL gene, and
a point mutation, deletion, or promoter hyper-
methylation of the remaining allele results in
clinical manifestations of the disease. As a result,
the onset of malignancies is earlier in those with
von Hippel–Lindau syndrome than with sporadic
tumors of the same kind, with an average onset in
the third to fourth decade versus seventh decade
of life. Tumors include cerebellar heman-
gioblastoma, retinal blastoma, pheochromocy-
toma, pancreatic cysts, inner ear cysts, and
multiple renal cysts and CC-RCC [16]. The VHL

Fig. 18.2 Clear cell renal cell carcinoma (CC-RCC) and
CA-9 staining. a CC-RCC is composed of clear cells with
nested architecture with intervening small capillaries.
Fuhrman nuclear grading is determined by nuclear size,
nucleoli, and nuclear contours. b Cytoplasmic and

membranous accrual of CA-9, visualized by immunohis-
tochemistry is a feature of CC-RCC, but can be seen in
peri-necrotic tumoral cells in similarly low oxygen
conditions
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gene was detected in 1993, and a peripheral
blood test for the germline mutation is now
commonly used in detection within at-risk
families.

The gene product pVHL is necessary for
degradation of hypoxia-inducible factor
HIF-1α[alpha], which itself controls downstream
angiogenesis. When pVHL is faulty,
HIF-1α[alpha] accumulates and leads to stabi-
lization of its downstream targets such as vas-
cular endothelial growth factor (VEGF), glucose
transporter 1 (GLUT1), carbonic anhydrase 9
(CA-9), epidermal derived growth factor
(EGFR), and platelet derived growth factors
(PDGFR). These genes are involved in angio-
genesis, cell migration, and cell metabolism in
eventual tumor formation [17].

18.7.1.3 mTOR Complex
The mammalian target of rapamycin protein
(mTOR) is a protein that exists as a dimer and
functions, in part, in regulation of cell growth and
metabolism. The mTORC1 complex has been
activated in a cited 60–85 % of CC-RCCs, and
through unknown mechanisms also drives the
progression ofCC-RCCs.ThemTORpathwayhas
been more clearly discussed in tumors of tuberous
sclerosis complex and angiomyolipomas [17].

18.7.1.4 Sporadic CC-RCC
The Cancer Genome Project recently sequenced
417 cases of CC-RCC. The underlying genetic
changes included alterations in the genes control-
ling cellular oxygen sensing and maintenance of
chromatin states. Whole-exome sequencing of the
tumors from the Cancer Genome Project identified
over 36,000 somatic mutations. There were 19
significantly mutated genes, most commonly
VHL, PBRMI, BAP1, and SETD2. Loss of 14q,
which leads to loss of HIF-1α[alpha], was asso-
ciated with more aggressive disease. Most spo-
radic CC-RCCs contain alteration of the VHL
gene, with up to 87 % of CC-RCCs showing VHL
inactivation through sequence alterations or pro-
moter methylation [18]. In addition to mutation in
VHL, up to 41 % of sporadic CC-RCCs have
mutation in PBRM1 leading to altered chromatin
biology. Copy number variations (CNVs) are

common with CC-RCC. Alterations in BAP1 and
SETD2 are correlated with poor survival.

The Cancer Genome Project reports that 7 %
of CC-RCC showed an epigenetic silencing of
VHL that was unassociated with somatic VHL
mutation. An additional 289 other genes showed
evidence of epigenetic silencing, and increased
promoter hypermethylation correlated with
higher clinical stage and grade. RNA expression
in this study identified four subsets of mRNA
classes, the m1 subtype of which was associated
with chromatin remodeling and higher frequency
of PBRM1 mutations [19].

CC-RCCs that harbor no VHL mutations and
have low CA-9 expression are clinically more
aggressive [20], and may be a different disease
altogether from its phenotypically similar
CC-RCC with VHL loss.

18.7.1.5 VHL Targets HIF1α
and EPAS1 (also
Called HIF2α)

Renal cell carcinomas share similar pathways
relating to oxygen utilization and nutrient sensing.
In conjunction with derangements in the mTOR
pathway, which also controls HIF synthesis,
alterations in VHF and HIF-1α[alpha] pathways
lead to significant increased accrual of CA-9. This
increased CA-9 has been found in CC-RCC tumor
cells and in the hypoxia-driven necrosis found in
other RCCs. Nonclear cell RCCs share common
metabolic pathways, and some relate back to the
HIF1α[alpha] pathway. The genes VHL, MET,
FLCN, FH, TSC1, TSC2, TFE3, and SDH are used
to some extent by the cell to sense oxygen or
energy. This commonality has led to the hypoth-
esis that RCCs are fundamentally a metabolic
disease, following the Warburg effect [12].

18.7.2 Papillary Renal Cell
Carcinoma (P-RCC)
and Hereditary Papillary
Type 1 RCC

18.7.2.1 Histology of P-RCC
P-RCC is the second most common carcinoma of
the renal parenchyma, and this subtype is further
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divided into two types. Both types of P-RCC
exhibit a mixture of papillary, tubular, and solid
patterns. The papillae have central fibrovascular
cores and frequently contain foamy macrophages.
Type 1 P-RCC is predominantly composed of
small cells with scant pale cytoplasm, while type 2
P-RCCdemonstrates larger tumorcellswithhigher
nuclear grade, and a more eosinophilic cytoplasm.
P-RCC is positive for AMACR in a diffuse cyto-
plasmic pattern and for CD10 in a membranous
pattern. Expression ofCA-9 is localized to necrotic
areas, which can be found in papillae tips [21].

While the categorization of P-RCC into type 1
and type 2 tumors is accepted, no consensus has
been reached as to whether one type has a more
favorable prognosis (Fig. 18.3) [22].

18.7.2.2 Hereditary P-RCC
Two familial syndromes are associated with
P-RCCs. Hereditary P-RCC is an inherited
autosomal dominant activating mutation of the
MET proto-oncogene, located on chromosome
7q31. A missense mutation in the tyrosine kinase
domain of the gene leads to constitutive activa-
tion of MET protein and development of Type 1
P-RCC [23]. The mutation is highly penetrant;
patients have a 90 % chance of developing
P-RCC by their eighth decade of life [21].

The syndrome of hereditary leiomyomatosis
and renal cell carcinoma (HLRCC) is caused by

the autosomal dominant mutation in the fumarate
hydratase (FH) gene on 1p42. HLRCC-associated
renal carcinomas aremore aggressive and invasive
than other forms of RCC. The FH mutation leads
to a remodeling of the Krebs cycle in a shift away
from oxidative phosphorylation and towards aer-
obic glycolysis. Patients with HLRCC develop
uterine leiomyomas, cutaneous leiomyomas, and
aggressively invasive type II P-RCCs [13, 24].

18.7.2.3 Sporadic P-RCC
The same MET mutation from Hereditary P-RCC
is present in only 13 % of sporadic P-RCCs [25].
Many sporadic Type 1 P-RCCs show gains of 7
and 17, as well as loss of chromosome Y. Spo-
radic Type 2 P-RCCs have been shown to have
loss of chromosomes 8, 11, and 18. The genetic
driver behind the majority of sporadic P-RCC is
currently unknown.

18.7.3 Chromophobe RCC
(Ch-RCC)
and Birt-Hogg-Dubé
Syndrome

18.7.3.1 Histology of Ch-RCC
Ch-RCC was first described in 1985 by Thoenes
[26]. Ch-RCC originates from the intercalated
cells of the distal nephron, compared with the

Fig. 18.3 Type 1 papillary renal cell carcinoma (P-RCC)
and type 2 P-RCC. Both demonstrate papillary and
tubular architecture. a Type 1 contains lower grade nuclei

with variable foamy cells. b Type 2 has eosinophilic
cytoplasm and occasional psammoma bodies
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more proximal tubule origin of CC-RCC. The
tumor is characterized by polygonal variably
sized cells with pale to clear cytoplasm, wrinkled
hyperchromatic nuclei, perinuclear halos, and
prominent thick cell membranes. Cells are
arranged in a solid growth pattern and admixed
with smaller cells with eosinophilic cytoplasm.
Ch-RCC is thought to have a better prognosis
than CC-RCC or P-RCC, even with metastatic
disease. The eosinophilic variant of Ch-RCC is
often in the differential when diagnosing an
oncocytoma (see Sect. 18.4.3) (Fig. 18.4).

18.7.3.2 Birt–Hogg–Dubé Syndrome
Birt–Hogg–Dubé syndrome is caused by an
inherited autosomal dominant mutation of incom-
plete penetrance on the folliculin gene (FLCN),
located on chromosome 17p11.2. The FCLN gene
acts as a tumor suppressor in the AMPK/tuberous
sclerosis complex/mTOR pathway. Up to 70 % of
patients with Birt–Hogg–Dubé tumors have a
mutation in the gene. The syndrome is character-
ized by cutaneous fibrofolliculomas, trichodisco-
mas, and acrochordons, as well as medullary
thyroid carcinoma, colorectal neoplasms, lipomas,
andbilateral renal tumors.Ch-RCCoccurs in 33 %
of Birt–Hogg–Dubé syndrome patients, but papil-
lary, clear cell, and oncocytomas have been
reported. Up to 50 % of renal tumors in the

syndrome will have a hybrid chromophobe-
oncocytoma histology [16]. Regardless of histo-
logic subtype, renal tumors occur in 15–27 % of
patients with the syndrome. Frequently, the cuta-
neous tumors appear by the third decade of life,
three decades before the renal tumors are detected.

18.7.3.3 Cowden Syndrome
Ch-RCC has been associated with the germline
mutation in PTEN that is responsible for Cowden
syndrome. Cowden syndrome is characterized by
the development of multiple hamartomas, most
commonly in the skin and mucous membranes.
While breast carcinoma, follicular thyroid carci-
noma, and endometrial carcinomas are the most
common malignancies and considered part of the
major criteria for diagnosis, RCCs are a minor
criterion [27].

18.7.3.4 Sporadic Ch-RCC
Ch-RCCsfrequentlyhavemultiplechromosomal losses,
leading toahypodiploidDNAcontent.Arecentstudyof
66 Ch-RCC specimens by the Cancer Genome Atlas
found losses ofwhole chromosomes 1, 2, 6, 10, 13, and
17 in 86 % of tumors studied. Other reported losses
include chromosomes 21 and Y. The molecular alter-
ations involve mitochondrial DNA responsible for the
Krebs cycle and theelectron transport chain.TheCancer
Genome Atlas also observed recurrent DNA rearrange-
ment breakpoints within the Telomerase Reverse Tran-
scriptase (TERT) promoter region in a subset of tumors,
leadingtoincreasedTERTexpression.TERT isknownas
havingaroleintelomerasemaintenanceandDNArepair,
andis foundinmanycancers.Whole-exomesequencing
of Ch-RCC has shown an overall lower median rate of
somaticmutations compared toCC-RCC [28].A single
specific mutational event in sporadic Ch-RCC is
unknown.

18.7.4 MITF/TFE Family of RCCs/
Translocation-
Associated
Carcinoma

The MITF/TFE family of RCCs includes muta-
tions in TFE3, TFEB, and MITF. These genes are

Fig. 18.4 Chromophobe RCC. Ch-RCC is composed of
polygonal variably sized cells with pale to clear cyto-
plasm, wrinkled hyperchromatic nuclei, perinuclear halos,
and prominent thick cell membranes. Cells are arranged in
a solid growth pattern and admixed with smaller cells with
eosinophilic cytoplasm
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part of the microphthalmia transcription factor
(MITF)/transcription factor E family of basic
helix-loop-helix leucine zipper transcription fac-
tors. These carcinomas have prominent papillary
or alveolar nested architecture, high nuclear
grade, abundant clear cytoplasm, and psammoma
bodies. While there is a bias toward younger
patients, there is no gender bias. No hereditary
syndrome has been associated with these
translocation-associated RCCs (Fig. 18.5) [29].

18.7.4.1 TFE3/Xp11.2 Translocation
RCCs

TFE3 is involved in transforming growth factor β
(TGF-β) signal transduction, and is located on
chromosome Xp11.2. This translocation has mul-
tiple partners, including 1q21 (PRCC), 17q25
(ASPL), 1p34 (PSF), Xq12 (NonO), 17q23
(CLTC), and 17q25 (RCC17). Many new fusion
partners are being reported, and some of these may
alter mitotic checkpoint control. These tumors are
uncommon but constitute 20–45 % of RCCs in
children and young adults [25]. The TFE3
immunohistochemical nuclear stain is a surrogate
marker for Xp11 translocation. These tumors also
express melanocytic immunohistochemical mark-
ers such as HMB45 and Melan-A.

18.7.4.2 Alpha-TFEB/t(6, 11) RCC
The TFEB gene is utilized in placental vascular-
ization, and its fusion partner is the alpha gene of

unknown function, located on 11q12. The resul-
tant t(6;11) RCCs frequently have a biphasic
appearance of both large and small epithelial cells.
The tumors are also predominantly found in chil-
dren. The fusion gene product results in dysregu-
lated (increased) expression of the TFEB protein,
detectable by immunohistochemistry. These
tumors also express HMB45 and Melan-A [29].

18.7.4.3 MITF-Related RCC
A germline missense mutation in MITF has been
implicated in translocation-associated RCCs and
melanoma, and has been found in families with
increased risk of developing melanoma and RCC.
MITF has been proposed to act as a melanoma
oncogene, and also stimulates the transcription of
hypoxia-inducible factor (HIF1A) [30].

18.8 Genetics of Other Hereditary
Syndromes with RCC

18.8.1 Tuberous Sclerosis

Tuberous sclerosis complex is a familial hamar-
tomatous syndrome caused by mutations in the
TSC1 gene (located on chromosome 9q34) or
TSC2 gene (located on 16p13). Affected family
members develop facial angiofibromas, central
nervous system (CNS) cortical tubers, CNS
subependymal giant cell tumors, cardiac

Fig. 18.5 TFE3 translocation RCC. a This tumor is characterized by papillary or alveolar nested architecture, high
nuclear grade. b Abundant clear cytoplasm, and psammoma bodies

18 Pathology and Molecular Pathology of Renal Cancer 343



rhabdomyomas, angiomyolipomas, pulmonary
lymphangiomas, and renal tumors. The renal
tumors include CC-RCCS, type 2 P-RCCs, and
Ch-RCCs. The gene products of TSC1 (hamartin)
and TSC2 (tuberin) form a heterodimer that
inhibits the mTOR pathway. Mutations in either
gene cause activation of the mTOR pathway and
affects translational control of downstream
HIF1α.

18.9 Emerging Histologic Variants
and Their Molecular
Underpinnings

There are a number of rare subtypes whose under-
lyingmolecular drivers have yet to be determined in
adefinitivemanner.Theseentities include succinate
dehydrogenase mutation-associated RCC, tubulo-
cystic RCC (TC-RCC), clear cell (tubulo)papillary
RCC, acquired cystic disease-associated RCC
(ACD-RCC), and medullary carcinoma.

18.9.1 Succinate Dehydrogenase
Deficiency-
Associated RCC and
Pheochromocytoma/
Paraganglioma
Syndrome Type 4
(PGL4)

Patients with succinate dehydrogenase (SDH) de-
ficiency have germline mutations in the SDHA,
SDHB, SDHC, or SDHD genes, and are associated
with the pheochromocytoma/paraganglioma syn-
drome type 4 (PGL4). SDH is composed of
SDHA, SDHB, SDHC, and SDHD subunits. The
subunits act as enzymes in the Krebs cycle and the
electron transport chain. Mutations in the SDH
gene lead to impaired cell oxidative phosphory-
lation, causing the cell to shift to aerobic glycol-
ysis. The net effect is accumulation of HIF1α and

its downstream effects, previously described in the
section on CC-RCC.

SDH deficiency-associated RCC is found
particularly in patients with SDHB and SDHD
mutations. Affected individuals develop
pheochromocytomas, paragangliomas, and gas-
trointestinal stromal tumors, and have a 14 %
lifetime risk of renal carcinoma [24]. The RCC is
characterized by compact nests of eosinophilic
polygonal cells, with frequent vacuolated cyto-
plasm or cytoplasmic inclusions. A loss of
SDHB protein expression by immunohisto-
chemical staining is reported as a specific marker
for the entity. A limited number of cases have
been reported, and the entity is still under pro-
visional status.

18.9.2 Tubulocystic Renal Cell
Carcinoma (TC-RCC)

Tubulocystic renal cell carcinoma (TC-RCC)
was originally described as a low-grade collect-
ing duct carcinoma. They are typically situated in
kidney cortex or at the corticomedullary junction,
with well-circumscribed borders. The tumor is
composed of dilated simple tubules lined with
cuboidal cells that have cytologically high grade
nucleoli, and may overlap in morphology with
P-RCC or collecting duct carcinoma. Mitotic
activity is low, lending to the low-grade
appearance. Ultrastructural studies of the
tubules demonstrates features of proximal con-
voluted tubules and distal tubules. The tumors
have a strong male predominance (>7:1), and
present as asymptomatic complex cysts [24].

MolecularstudiesofTC-RCChavebeenlimited
by the small number of cases. Some have been
showntohavemolecularclusteringwithP-RCCand
similar gains of chromosomes7and17, or loss ofY
chromosome, which reiterates the possible rela-
tionship between the two types. Other studies have
shownnocommonalitywithCC-RCCorCh-RCC.
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18.9.3 Renal Medullary
Carcinoma

Renal medullary carcinoma was first described in
1995 in patientswith sickle trait orHemoglobinSC
disease. The carcinoma is aggressive, with an
average 15 weeks of survival after first diagnosis.
There is increased expression of DNA topoiso-
merase alpha [31], increased HIF1α[alpha]
expression, and loss of INI1 labeling by immuno-
histochemistry [24]. Most of the genes involved in
renal medullary carcinoma are important in the
hypoxia-induced signaling pathways and altered
glycolysis.A specificmutationor affectedgenehas
not been consistently implicated.

In addition, provisional tumor entities such as
thyroid-like follicular RCC and ALK translocation
RCC have yet to be entirely accepted and have
been reported sporadically in the literature [24].

18.10 Future Directions

The discovery of specific molecular alterations
and pathways has resulted in the development of
targeted therapeutic drugs. These therapies target
either the circulating active VEGF (bevacizumab)
or VEGF receptors on tumor cells (sorafenib,
sunitinib, pazopanib, axitinib). Antibodies tar-
geting VEGF have shown increased time to dis-
ease progression. Additionally, another class of
agents (temsirolimus, everolimus) acts along the
mTOR pathway by binding to the upstream prolyl
isomerase FKBP12, thereby inhibiting mTOR
activity. An increasing list of drugs targeting the
VHL pathway are under clinical trial, with some
showing increased survival and measurable anti-
tumor activity in CC-RCC [32].

The typing of RCCs was born out of histo-
logic differences and prognostic differences, and
these differences have been confirmed by the
genetic alterations in each type. The work done
in exome sequencing of CC-RCC and Ch-RCC
has shown a wide heterogeneity across tumors of
the same histologic subtype and even within
individual tumor masses. The heterogeneity of
gene mutation profiles, RNA expression profiles,
and protein expression profiles suggests that

future studies will further stratify RCC based on
genomics and proteomics.

18.11 Summary

Our understanding of RCCs has benefited from
studies of familial syndromes and hereditary
cancers. The changes found in these hereditary
tumors have been similar, but not entirely iden-
tical, to the alterations found in sporadic tumors.

More recent sequencing of CC-RCCs and
Ch-RCCs has confirmed the cell environment of
renal carcinomas, showing that tumorogenesis
involves mutations in oxygen sensing, cell meta-
bolism, and maintenance of chromatin states. The
specific genetic mutations and protein expression
profiles have diagnostic and prognostic value, as
well as being potential therapeutic targets. While
these discoveries have created strides in the treat-
ment of RCCs, the efficacy and long-term use of
these molecular targeted therapies is unknown.
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19Epidemiology of Lung Cancer

Dimitra Repana and James Spicer

19.1 Clinical Picture of the Disease

19.1.1 Introduction

Only a small portion of patients with lung cancer
will present with localized disease amenable to
radical treatment; the majority have metastatic
disease and currently must be treated with pal-
liative intent. Developments in imaging with the
addition of PET (Positron Emission Tomogra-
phy), and in techniques for sampling mediastinal
lymph nodes have led to more accurate staging.
Recognition of driver mutations and introduction
of novel targeted treatments have changed the
way lung cancer is treated and heralded a new
paradigm for personalized treatment in cancer.

19.1.2 Symptoms

The median age of diagnosis for lung cancer is
70 for both men and women [1]. The most
common symptoms are respiratory and include
cough, dyspnoea, haemoptysis and chest pain.

Further local symptoms can appear and are
related to the extent of the tumour to local
structures, such as hoarseness due to involvement
of the recurrent laryngeal nerve, superior vena
cava obstruction, dysphagia or involvement of
the branchial plexus (Pancoast syndrome) [2].
According to the United States (U.S.) Surveil-
lance, Epidemiology, and End Results (SEER)
registry for years 2005–2011, 57 % of patients
present with metastatic disease [1]. Liver, bones,
adrenals and brain are the most common sites of
metastases [2]. Lung cancer may also present
with a variety of paraneoplastic syndromes such
as hypercalcaemia, syndrome of inappropriate
antidiuretic hormone secretion (SIADH), neuro-
logic syndromes (most commonly associated
with small cell lung cancer) such as Lambert–
Eaton myasthenic syndrome, cerebellar ataxia,
sensory neuropathy, limbic encephalitis, auto-
nomic neuropathy and many others, haemato-
logic disorders and hypercoagulability disorders,
hypertrophic osteoarthropathy, dermatomyositis
and polymyositis and Cushing’s syndrome [3].

19.1.3 Diagnosis and Staging

For patients with suspected lung cancer, a com-
puted tomography (CT) scan of the chest is the
first step to evaluate the primary tumour and
mediastinal lymph nodes. Staging is completed
with a CT scan of the abdomen and further
imaging of brain or skeleton if clinically
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indicated. PET and integrated PET/CT imaging
have become the standard of care in the last
decade and is more accurate for staging the
mediastinum, but also for revealing otherwise not
suspected metastatic disease which alters the
therapeutic approach [4, 5].

The biopsy technique will be chosen according
to the location of the tumour or metastatic spread
and the safest and least-invasive procedure should
be preferred. The primary tumour can be assessed
either by bronchoscopy if located centrally or by
transthoracic needle biopsy if located in the
periphery of the lung. In certain cases, more
invasive procedures like video-assisted thoraco-
scopic surgery (VATS) may be necessary [6].

Accurate mediastinal lymph node sampling is
crucial for early stage tumours since this will
determine the modality of further management.
Endobronchial ultrasonography with trans-
bronchial needle aspiration (EBUS/TBNA) is now
the most commonly used technique, and has high
sensitivity and specificity. Other techniques
including transesophageal ultrasonography or
mediastinoscopymay also be used if indicated [7].

Cytologic samples can reliably provide the
diagnosis and can also be used for further
molecular testing; however, due to the increasing
number of necessary diagnostic molecular tests it
is preferable to try to maximize the amount of
tissue obtained when this is deemed feasible and
safe [8, 9].

The 7th edition of the American Joint Com-
mittee on Cancer Staging Manual [10] is cur-
rently used for lung cancer staging. To inform
treatment modality, lung cancer stage can be
grouped as early, locally advanced or metastatic
disease.

19.1.4 Pathology and Molecular
Testing

Lung cancer is divided into two major categories:
non-small cell lung cancer (NSCLC) and small
cell lung cancer (SCLC) with different thera-
peutic approaches for each. As described in the
pathology chapter, NSCLC is further character-
ized into major histological subtypes, by

microscopy and immunohistochemistry, as ade-
nocarcinoma, squamous and large cell carci-
noma. At least 10 % of NSCLC cannot be
classified and is referred as NSCLC not other-
wise specified (NSCLC-NOS) [9]. Pathologic
subtype has been found to be predictive for
response to specific treatments. For example,
pemetrexed chemotherapy showed better efficacy
in adenocarcinoma versus squamous carcinoma
[11], and the antiangiogenic antibody beva-
cizumab was associated with significant bleeding
risk when used in squamous carcinoma [12] and
is only indicated for adenocarcinomas.

Certain driver mutations are also associated
with specific histological subtypes. These have
led to the development of therapeutic agents
directed towards these specific targets, and have
introduced a new paradigm of tailored treatment
for lung cancer directed by molecular testing.

The epidermal growth factor receptor (EGFR)
is commonly overexpressed in lung cancers [13].
When EGFR inhibitors were first used in unse-
lected population clinical characteristics such as
female sex, non-smoker status, adenocarcinoma
histology and East Asian ethnicity were predic-
tive for response [14, 15]. Eventually, it was
demonstrated that the predictive biomarker for
response, in turn associated with these demo-
graphic factors, was an activating mutation in the
EGFR gene which is found in 10–16 % of the
western population [16, 17], and in up to 62 % of
East Asians [18]. Mutations in EGFR are more
common in women than in men (69.7 %), in
those who have never smoked (66.7 %) and
adenocarcinomas since very rarely are found in
squamous carcinomas [17]. Deletions in chro-
mosome 19 and an L858R substitution in exon 21
are the most common mutations, between them
accounting for almost 90 % of the total [19].

Another molecular subset of NSCLC is char-
acterized by a fusion protein resulting from a
chromosomal rearrangement joining together
part of the echinoderm microtubule-associated
protein like 4 (EML4) gene to anaplastic lym-
phoma kinase (ALK), and the resulting fusion
gene product acts as an oncogene [20]. Patients
with ALK rearrangements are usually signifi-
cantly younger than the average age for lung
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cancer patients, have a light or never smoking
history, and adenocarcinoma histology. It is
estimated that around 3–5 % of all adenocarci-
nomas will have an ALK rearrangement [21–23].

A translocation in ROS1 is another potent
oncogenic driver found in 1 % of lung cancers
[24]. Inhibitors of ALK have also shown efficacy
in this subset of patients, who have clinical
characteristics similar to the ALK rearranged
subtype (younger age, light history of smoking
and adenocarcinoma histology) [25].

KRAS mutations are found in 20–25 % of
lung cancers and are usually associated with
smoking history [26]. Their presence seems to be
predictive of a worse outcome in the metastatic
setting as shown in retrospective trials [26–28].
A variety of other genetic alterations in genes
such as BRAF, HER2, PI3KCA, RET, MET,
FGFR1 and DDR2 have been found in lung
cancer and research is focusing on novel agents
against these targets [29].

19.1.5 Treatment of Non-small
Cell Lung Cancer
and Prognosis

For early stage, NSCLC tumours (stage I and II),
surgical resection is the standard of care. For
patients with stage IB and II, cisplatin-based
adjuvant chemotherapy following surgery can
reduce the risk of recurrence by 5.4 % (hazard
ratio (HR) 0.89, 95 % CI 0.82–0.96) at five years
compared to surgery alone [30]. For patients who
are not surgical candidates due to poor lung
function or co-morbidities, radiotherapy is a
reasonable alternative and new techniques like
stereotactic body radiation therapy (SBRT) have
shown excellent long-term control rates [31].

For locally advanced tumours (stage III),
radical treatment with concurrent chemoradio-
therapy is the treatment of choice, whilst there is
a small selected subset of patients that may
benefit from trimodality treatment that also
includes surgery [32, 33].

In metastatic disease, a variety of treatments
options guided by pathology and molecular
testing such as chemotherapy and molecularly

targeted agents are included in the armamentar-
ium of the oncologists [34], with most recently
the addition of novel immunotherapy with check
point inhibitors [35]. A meta-analysis published
in 2008 showed an absolute benefit for
chemotherapy compared to best supportive care
of 4.5–6 months in median survival, and an
increase in 1-year survival from 20 to 29 % [36].

Patients with EGFR mutations have high
response rates to first- and second-generation
EGFR inhibitors (gefitinib, erlotinib, afatinib) and
longer progression-free survival (PFS) compared
to treatment with standard chemotherapy [37].
However, eventually all these patients develop
resistance to treatment, and for approximately
50 % of them this will be the result of a de novo
T790M mutation in exon 20. Other mechanisms
of resistance have also been described, and ther-
apies for use in this scenario have been developed
and are in clinical trials [38].

Crizotinib, an ALK inhibitor, has shown
superior outcomes in both the first and second
line of treatment compared to standard
chemotherapy [39, 40] in patients with an ALK
rearrangement, but also has activity in patients
with ROS1 rearrangement [25]. More potent
second-generation ALK inhibitors such as ceri-
tinib have also been approved and are entering
clinical practice [41]. Ongoing trials are trying to
establish the role of other targeted agents for lung
cancer based on mutation status, and enrolment
of patients in clinical trials is strongly
encouraged.

19.1.6 Treatment of Small Cell
Carcinoma
of the Lung

SCLC is characterized by rapid growth and
aggressive behaviour. Traditionally, SCLC has
been staged as limited or extensive, distinguish-
ing the subset of patients that would be amenable
to a radical approach with concurrent chemora-
diotherapy. Only one third of patients will present
with localized disease in the thorax, and for those
patients 5-year survival is around 20–25 %. The
role for surgery in SCLC is controversial, but is
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generally offered to the small proportion of
patients (no more than 5 %) presenting with very
early stage tumours (stage I). For metastatic dis-
ease, despite high rates of response to
platinum-based chemotherapy, resistance will
inevitably occur and median overall survival is
around 10 months [42–44]. Due to a high rate of
brain metastases, prophylactic cranial irradiation
(PCI) is used for those patients who respond to
treatment, and has been shown to decrease the
rate of symptomatic brain metastases with a
modest increase in overall survival [45]. Thoracic
consolidation radiotherapy following response to
first-line chemotherapy has also shown improve-
ment in survival at 2 years and is commonly used
[46].

19.1.7 Prognosis

Prognosis in NSCLC is largely dependent on
stage at presentation, and for stage I disease,
overall survival at 5 years is around 50–70 %,
for stage II 36–46 % and for stage III 9–24 %
[47]. Prognosis for metastatic lung cancer is
generally poor and has been reported between 4
and 13 % at 5 years [1, 48]. According to SEER
data, of patients diagnosed with lung cancer in
the U.S. between 2005–2011, only 17.4 % will
be alive at 5 years [1]. For the period 2010–2011
in England and Wales, 1-year survival was
32.1 %, 5-year survival 9.4 % and 10 year sur-
vival 4.9 % [48].

Clinical parameters such as performance sta-
tus [49] or continuation of smoking following
diagnosis have a negative impact on survival [50,
51]. Patients with EGFR mutations have a better
overall survival compared to patients without a
mutation [52], and those with an exon 19 dele-
tion seem to benefit more than those with the
L858R mutation in exon 21 [53]. Similarly,
patients with ALK rearrangements have superior
overall survival compared to those without this
driver mutation [40].

19.1.8 Screening

Screening programs using chest radiography and
sputum cytology failed to show improvement in
lung cancer mortality. The PLCO (Prostate, Lung,
Colorectal and Ovarian) screening study random-
izedmore than 150,000 participants aged 55–74 to
annual chest radiograph for 4 years or standard
care.After 13 years offollowup, no differencewas
observed in lung cancer mortality between the two
groups [54]. Another major screening study was
the Mayo Lung Project, which randomized more
than 9000 male smokers to an intervention arm
which consisted of chest radiography and sputum
cytology every 4 months for 6 years, or to the
standard armwhere the same tests were performed
annually. Before randomization, all participants
had a baseline chest radiograph and sputum
cytology. Similarly, no difference in lung cancer
mortality was seen between the arms, even after
extended follow-up [55].

In 2011, the National Lung Screening Trial
Research Team reported the results of a random-
ized trial with more than 50,000 individuals aged
55–74. Eligible participants had a history of at
least 30 pack-years, and were either current
smokers or ex-smokers who had quit within the
previous 15 years. Participants were randomized
to low-dose CT of the chest or chest radiography
once annually for 3 years. This was the first
screening study that reported a relative reduction
of 20 % in lung cancer mortality, and of 6.7 % in
all-cause mortality, in favour of the low-dose CT
scan arm [56]. Following these results, various
organizations have issued lung cancer screening
guidelines for high-risk individuals. The Ameri-
can Cancer Society recommends annual low-dose
CT for current or ex-smokers (quit within last
15 years) who are in good health and have at least
a 30 pack-year smoking history [57]. Over diag-
nosis and unnecessary invasive procedures caus-
ing patient distress are the major disadvantages of
lung cancer screening, and the European Society
for Medical Oncology (ESMO) recommends that
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screening should be offered only in high-volume
centres with expertize in thoracic oncology [4].
Several randomized trials are currently ongoing to
elucidate the role of low-dose CT scan screening
[58].

19.2 Descriptive Epidemiology

19.2.1 Introduction

Lung cancer incidence varies significantly by
geography, sex, race and socioeconomic status
and important changes have been documented
over time. The major trends will be discussed in
this chapter.

19.2.2 Trends by Geography

In 2012, there were 1.8 million new cases of lung
cancer worldwide, making it the most common
cancer and accounting for 13 % of all cancer
diagnoses. For the same year, lung cancer caused
1.2 million deaths accounting for 20 % of all
cancer deaths. There is an up to 80-fold variation
in incidence amongst countries with North
America, Europe and East Asia having some of
the highest rates, whilst some African and Asian
countries having low incidence [59] (Fig. 19.1).
Approximately, one third of all new lung cancer
cases are diagnosed in China.

In the U.S., lung cancer ranks second in
estimated new cancer cases in men and women,
after prostate and breast cancer, respectively. For
2015, an estimated 115,610 men will be diag-
nosed, which accounts for 14 % of all cancer
new cases, and 105,590 women, accounting for
13 % of all cancer new cases. Lung cancer
remains the first cause of cancer-related mortality
for both sexes, accounting for 28 % of all cancer
deaths in males and 26 % in women [60].

Similar patterns of incidence and mortality are
seen in Europe [61]. Lung cancer is the leading
cause of cancer-related death for males (25 % of
all cancer deaths) and is predicted to be the

leading cause of cancer-related death for women
as well in 2015 (14 % of all cancer deaths) [62].

In China, lung cancer is the most common
cancer in men and the second most common
cancer in women after breast cancer, with
416,333 new male cases and 189,613 new female
cases in 2010. It is the first cause of cancer-related
death in both sexes [63].

Africa has the lowest incidence of lung cancer
worldwide [59], but the increased prevalence of
smoking in adolescents in Africa is of concern
[64].

19.2.3 Trends Over Time

The incidence of lung cancer has varied consid-
erably in populations over time, and is determined
by smoking habits over time. Lung cancer was a
rare disease up until the end of the nineteenth
century, with few case reports published in the
literature until 1900. The incidence started to
increase significantly in the U.S. and other coun-
tries in the second half of the nineteenth century
and the first decade of the twentieth century. In the
1930s, the first case-control studies indicated a
correlation with smoking, and in the next decades
several reports in Europe and U.S. were published
regarding the lethal hazards of tobacco. Scientists
from the Nazi Germany had recognized the
addictive nature of tobacco and the associated
potential hazard of lung cancer and an antismoking
campaign was launched [65]. In 1950, some of the
milestone epidemiological studies were pub-
lished, particularly from Sir Richard Doll, the
British epidemiologist, who interviewed patients
with lung cancer and suggested that lung cancer
risk is associated with the amount of cigarettes
smoked and the duration of smoking [66], and
from Wynder and Graham [67] in the U.S. who
reported similar observations. In 1954, Sir Doll
confirmed the association between smoking habits
and lung cancer risk within the British Doctor’s
Study, a prospective cohort of 40,000 doctors [68].
In 1962, the Royal College of Physicians issued a
report on the association of smoking and lung
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cancer [69], and in 1964 the famous U.S. General
Surgeon’s report was published and smoking was
formally accepted as a definite cause for lung
cancer [70]. A plethora of epidemiologic studies,
animal experiments and pathologic studies have
provided robust evidence that tobacco causes
precancerous lesions in lung tissue [71].

Lung cancer incidence in the U.S. continued
to increase for males until the mid-1980s and
then gradually started to decline. For women, due
to later adoption of smoking reaching a peak two
decades later, incidence continued to increase
until late 1990s, and then followed a similar
declining pattern [1] (Fig. 19.2).

The frequency of specific subtypes of lung
cancer has also changed during the years

reflecting changes in smoking habits. Squamous
carcinoma was the most common histologic type
until the 1980s and then the incidence of squa-
mous, small cell and large cell histology started
to decline, whilst adenocarcinoma started to
increase and now accounts for more than half of
all cases [72] (Fig. 19.3). This increase was
attributed to changes in smoking behaviour
associated with the introduction of filtered
cigarettes. These cause smokers to take longer
and deeper inhalations in order to compensate for
reduced inhaled nicotine concentrations, result-
ing in increased deposition of smoke in the
peripheral lung where adenocarcinoma usually
arises [73].

Fig. 19.1 Lung cancer
incidence and mortality
worldwide from Ref. [59]
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Fig. 19.2 Lung cancer incidence rate by sex, 1975–2011. National Institutes of Health Ref. [1]

Fig. 19.3 Histology over time in U.S. from Ref. [72]
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19.2.4 Differences by Sex

Globally, deaths from lung cancer continue to be
more common in men than women since smok-
ing continues to be more common in men. The
absolute difference has become smaller over the
years since lung cancer incidence peaked earlier
for men whilst continued to increase for women
[74].

There are no significant differences between
men and women in the effect of smoking for a
given life time exposure [75]. One significant
difference by sex is the incidence of lung cancer
amongst never smokers [76]. There are signifi-
cant geographical variations in the proportion of
lung cancer cancers among women that have
never smoked, varying from 83 % in South Asia
to 15 % in the U.S. Among women who are
never smokers, passive smoking exposure at
home in adult life and especially prolonged
exposure of ≥30 years increases the risk of lung
cancer compared to women without home
exposure (HR 1.61, CI 95 % 1.00–2.58) [77].
Another risk factor is indoor pollution produced
by burning wood and coal for cooking and
heating. A retrospective study in China showed
that the use of smoky coal compared to smoke-
less coal increases the risk for lung cancer by
more than 30 fold [78].

There is a strong, positive association between
hormone replacement therapy (HRT) with
oestrogen and progestin and lung cancer risk, as
shown from the analysis of several randomized
trials. HRT compared to placebo increases the
risk of lung cancer and this increase is propor-
tional to the duration of exposure to HRT, with a
50 % increased risk for ≥10 versus <10 years of
use (HR 1.48, 95 % CI 1.03–2.12), as well as an
association with advanced stage at diagnosis
[79].

Although in recent years adenocarcinoma has
become the most common histology for both
sexes, proportionally more women will be diag-
nosed with adenocarcinoma compared to men,
with the opposite for squamous carcinoma [80].
Women are also more likely to have an EGFR
mutation compared to men [17].

In several studies, women have better prog-
nosis than men irrespective of stage at diagnosis
and treatment. Data from SEER of more than
18,000 elderly patients with stage I and stage
II NSCLC diagnosed during 1991–1999 showed
that irrespective of treatment and after adjusting
for confounding factors, women had significantly
superior outcomes, including lung cancer-specific
survival [81]. A meta-analysis of 39 studies and a
total of 86,800 patients found that women had
better overall survival regardless of stage, histol-
ogy and smoking status [82]. Women worldwide
have a longer life expectancy than men but this
alone cannot explain the differences, and it seems
that several other biologic factors contribute to
this result, warranting further research in this field
[83].

19.2.5 Racial Differences

An early observation was that lung cancer inci-
dence and mortality was higher in
African-American men compared to white men
[84]. The U.S. Multiethnic Cohort examined
racial/ethnic differences in lung cancer risk in
five different ethnic groups in the U.S.:
African-Americans, Japanese-Americans, native
Hawaiians, Latinos and white men and women.
They found no differences in risk for those who
smoked more than 30 cigarettes per day, but for
those who smoked less than 30 cigarettes per day
there was an increased risk of lung cancer for
African-Americans and native Hawaiians even
after adjusting for occupational risk factors, diet
and socioeconomic status [85]. Possible expla-
nations include different smoking styles with
deeper and longer inhalations for
African-Americans, but also biological differ-
ences of the effect of carcinogens.

Higher mortality from lung cancer in
African-Americans has been directly associated
with socioeconomic status and lack of access to
health services, lack of information and differ-
ences in cultural beliefs towards lung cancer, as
well as access to care [86]. EGFR mutations vary
significantly among races and have been reported

354 D. Repana and J. Spicer



as occurring in 10–16 % of Whites, 50–60 % of
East Asians [18, 87] and 22 % of Indians [88].

19.2.6 Trends in Mortality

Over time there has been a steady, but small
improvement in lung cancer survival. In the U.S.,
mortality has shown a steady decline over time,
with a 2.6 % annual reduction in mortality for
men and a 1.3 % reduction for women between
2002 and 2011 [89]. In the United Kingdom (U.
K.), there was an increase in the 5-year-survival
rate for the period 1971–2011, from 5 to 8 % in
men and from 4 to 12 % in women [90].

19.3 Risk Factors

19.3.1 Introduction

Lung cancer is one of the most characteristic
examples of a relationship between exposure and
disease in all of epidemiological science. The
major risk factor of smoking is now
well-established, and a latency period measured
in decades explains the relationship of incidence
and mortality with smoking habits around the
world and over time.

19.3.2 Smoking

More than 1 billion people smoke worldwide and
80 % of them are in low- and middle-income
countries. Smoking is responsible for 6 million
deaths per year worldwide. In 2008, the World
Health Organization introduced the 6 MPOWER
measures to fight the tobacco epidemic:
• Monitor tobacco use and prevention policies
• Protect people from tobacco use
• Offer help to quit tobacco use
• Warn about the dangers of tobacco
• Enforce bans on tobacco advertising, pro-

motion and sponsorship
• Raise taxes on tobacco [91].

19.3.2.1 Cigarettes
Tobacco contains at least 98 known hazardous
compounds that have been extensively studied
[92], belonging to one of the following cate-
gories: polycyclic aromatic hydrocarbons,
azaarenes, N-nitrosamines, aromatic amines,
heterocyclic aromatic amines, aldehydes, mis-
cellaneous organic compounds and inorganic
compounds [93, 94].

Smokers have at least a 20-fold increased risk
of developing lung cancer compared to lifelong
non-smokers [95]. Lung cancer risk increases
with the number of cigarettes smoked per day in
an almost linear way [96], but duration of
smoking has the strongest impact [97]. Small cell
and squamous histology have the strongest
association with smoking with essentially all
cases associated with smoking whilst adenocar-
cinoma is the most common histology in
non-smokers [98].

19.3.2.2 Cigars and Pipes
Cigars contain tobacco that is wrapped in a
tobacco leaf. Their association with lung cancer
has been well documented and they contain
many of the carcinogens that are found in
cigarettes. Specific carcinogens like nicotine, N-
nitrosamines, benzene, benzopyrene, carbon
monoxide and nitrogen oxide are found in higher
levels in cigars than cigarettes due to the curing
and fermentation process of cigar manufacture
[99]. Cigars are associated with a lower overall
risk for lung cancer compared to cigarettes, but
risk varies according to intensity, duration and
depth of inhalation. Moreover, lung cancer
mortality risks for non-smokers range from 1.59
to 7.64, as compared to non-smokers [100]. Data
from the U.S. report that cigar use has doubled
between years 2000 and 2011, possibly
explained by their portrayal in the media as a
symbol of success and luxury [101].

Pipe smoking is most prevalent among the
elderly and is associated with at least a fivefold
increased risk of lung cancer, independent of
cigarette smoking. Again intensity, duration and
depth of inhalation are important factors that
determine risk [102].
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19.3.2.3 Marijuana
Marijuana contains carcinogens such as ben-
zopyrene and benzanthracene in higher concen-
trations than cigarettes. It is usually smoked
without a filter and with deeper and longer
inhalations resulting in increased retention of tar
in the lungs compared to cigarette smoking
[103]. Endobronchial biopsies of individuals
who smoke marijuana have shown histopatho-
logic changes such as squamous metaplasia and
cellular atypia which are known precursor lesions
of lung cancer. However, epidemiological data
linking marijuana smoking and lung cancer have
been conflicting [104]. Several limitations have
been recognized in most of these studies,
including quality of data available for use of an
illegal product, confounding factors such as
cigarette smoking, confounding by age since
marijuana is most prevalent in the young and
short follow up. Notably, a Swedish cohort study
of more than 49,000 men with a follow up of
40 years showed that lung cancer risk is doubled
(HR 2.12, 95 % CI 1.08–4.14) for heavy mari-
juana users compared to non-users, even after
adjusting for confounding factors such as
tobacco and alcohol use, respiratory conditions
and socioeconomic status. Heavy marijuana use
was defined as more than 50 times during life-
time [105]. Further studies are warranted to
answer questions regarding the risks of marijuana
smoking, and there is a need for systematic col-
lection of data regarding use. Public health ini-
tiatives to inform patients about potential hazards
of marijuana smoking, including lung cancer, are
required [106].

19.3.2.4 Electronic Nicotine Delivery
Systems

Electronic cigarettes were launched in China in
2003 and then patented internationally in 2007.
They consist of a battery-operated heating device
and a nicotine cartridge; heat converts nicotine to
a vapour which is inhaled by the user. Although
electronic cigarettes appear less harmful since
they do not contain the variety of carcinogens
that are found in traditional cigarettes, long-term
data regarding their safety are not available and
there are many concerns since they are produced

by different companies without any independent
quality check [107]. Controversy exists regarding
their use as smoking cessation aid, with some
proponents advocating their use as being less
harmful than tobacco products, with a
counter-argument that they may encourage con-
tinuation in smokers who would otherwise be
willing to quit. Electronic cigarettes are not
approved by the U.S. Food and Drug Adminis-
tration (FDA) as a smoking cessation aid, and
many prefer to encourage patients to use
evidence-based smoking cessation methods and
inform smokers about the lack of data in this field
[108]. The American Association of Cancer
Research (AACR) and the American Society of
Clinical Oncology (ASCO) published a policy
statement in March 2015 to address these con-
cerns [109].

19.3.2.5 Second-Hand Smoke
Second-hand smoke exposure was recognized
much later than primary use as a lung cancer risk
factor. The first two studies of passive smoking
were published in 1981 and reported increased
risk of lung cancer in non-smoking wives of
heavy smokers [110, 111]. A meta-analysis of 55
studies calculated a relative risk for lung cancer
of 1.27 for non-smoking women exposed to
second-hand smoke from their spouses, com-
pared to women not exposed to spousal envi-
ronmental tobacco smoke [112]. It is estimated
that 21,400 lung cancer deaths worldwide are
attributable to passive exposure to tobacco
products, which includes exposure at home, work
and in public places [113].

19.3.2.6 Smoking Cessation
Smoking cessation reduces risk of lung cancer at
any age of quitting resulting in added years of
life expectancy, and advice on this subject can
been viewed as one of the most cost-effective of
all healthcare interventions made by physicians
[114–116]. The risk of lung cancer decreases
with years of abstinence, although it never
becomes identical to that for non-smokers even
40 years after smoking cessation [117]. Smoking
reduction is also beneficial and results in reduc-
tion of lung cancer risk [118]. Smoking cessation
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is beneficial even after lung cancer diagnosis.
Continuing smoking following treatment for
early lung cancer is associated with an increased
risk of recurrence, second primary tumours and
all-cause mortality [51].

19.3.3 Radiation

It is well established that lung cancer risk is
significantly increased in patients treated for
Hodgkin’s lymphoma, with a median relative
risk that ranges from 2.2 to 7 [119]. Both
radiotherapy and chemotherapy with alkylating
agents associated with treatment of Hodgkin’s
increase the risk. The risk is related to dose of
therapies, whilst combination of chemotherapy
and radiotherapy acts synergistically in this
context. In a large population-cohort study that
followed more than 19,000 Hodgkin’s lym-
phoma survivors, median time to diagnosis of
lung cancer after treatment for lymphoma was
10 years (range 1–28 years). The risk is even
greater for smokers, with the highest risk in those
who are moderate to heavy smokers, and were
treated with both radiotherapy and chemotherapy
(relative risk 49.0) [120].

For women treated for breast cancer, adjuvant
radiotherapy post-mastectomy almost doubles
the risk of subsequent ipsilateral lung cancer.
Smoking is again the most important concomi-
tant risk factor, and women who are ever
smokers have almost a 40-fold increased risk
compared to non-smokers who received adjuvant
radiotherapy [121]. Lung cancer typically
develops at least ten years after radiotherapy
treatment for breast cancer [122].

19.3.4 Occupational Exposure

According to the International Agency for
Research in Cancer (IARC), lung cancer is the
most common occupational cancer worldwide
[123]. Several occupations are associated with an
increased lung cancer risk, including work
involved in aluminium production, coal gasifi-
cation, coke production, hematite mining, iron

and steel founding, painting and rubber produc-
tion [124]. It was estimated that 102,000 lung
cancer deaths in the year 2000 could be attributed
to occupational carcinogens [125], and every
tenth lung cancer death is related to work-related
factors [126].

Asbestos, radon and silica are the most com-
mon lung cancer carcinogens, but there are sev-
eral others chemicals and mixtures like bis-
(chloromethyl) ether and chloromethyl methyl
ether, coal tar pitch, soot, sulphur mustard, diesel
exhausts and metals like arsenic, beryllium,
cadmium, chromium, nickel and their com-
pounds [124].

Asbestos is characterized by flame resistance
and has been used widely in the building and
manufacturing industries [127]. Exposure
increases the risk of lung cancer by at least
threefold, and smoking acts synergistically [128,
129]. The risk is proportional to the concentra-
tion and frequency of the exposure [130].

Radon is a radioactive gas produced during
the decay of uranium and is associated with a
threefold increased risk of lung cancer in ura-
nium miners [128]. Air pollution from radon of
geological origin, which can accumulate indoors,
has also been linked with risk of lung cancer in
certain geographical areas [131].

19.3.5 Environmental Exposure

Air pollution in urban areas is associated with an
increased risk of lung cancer [132]. The Euro-
pean Study for Cohorts for Air Pollution Effect
was a large prospective study which confirmed
that exposure to particulate matter air pollution
contributes to lung cancer risk [133]. Indoor
pollution from burning coal or cooking oil fumes
without appropriate ventilation, which is com-
mon in less-developed countries, has also been
linked with an increased risk especially in
non-smoking women [76].

Water contaminated with high concentrations
of arsenic has been linked with various types of
cancer including lung cancer [134]. A character-
istic epidemiologic example has been described in
the Antofagasta area of Chile, where water was
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supplied by rivers arising from springs in the
Andes with a high concentration in arsenic.
A change in the water supply in 1958 led to a large
increase in arsenic concentration in drinking
water. For the period 1958–1970, a rise in the
number of deaths from lung and bladder cancer
was observed and linked to the high levels of
arsenic in drinking water. In 1971, water treatment
plants were installed and arsenic levels were
lowered. Despite this change, cancer deaths con-
tinued to increase until the late 1990s, but then
started to decrease, indicating a long latency per-
iod [135]. Cancer deaths attributed to arsenic
exposure have also been described in Taiwan,
Bangladesh andWest India, and theWorld Health
Organization has published guidelines regarding
drinking water quality requirements [136].

19.3.6 HIV

Individuals with HIV infection have a threefold
increase of risk for lung cancer compared to the
general population. In contrast with
AIDS-defining malignancies, for which incidence
has decreased since the introduction of highly
active antiretroviral therapy (HAART), lung
cancer risk has increased among HIV-infected
individuals, and this is attributed to the increase in
life expectancy and aging of this population.
Smoking remains the most significant risk factor
for individuals with HIV infection, who have a
higher smoking prevalence than the general
population [137]. Despite these high smoking
rates, additional factors seem to contribute to lung
carcinogenesis, possibly including chronic pul-
monary inflammation associated with repeated
infections [138].

Introduction of HAART has resulted in csur-
vival improvements for AIDS-defining malig-
nancies, but this is not the case for lung cancer
where outcomes remain poor and unchanged over
time [139]. Various studies have reported worse
prognosis in HIV-infected lung cancer patients
compared to non-HIV infected (HR 1.28, 95 %
CI 1.17–1.39) even after adjusting for stage and

treatment, indicating that immunosuppression
may contribute to the more aggressive behaviour
of the disease [140, 141].

19.3.7 Benign Lung Disease

Inflammation has been recognized as one of the
hallmarks of cancer [142] and previous lung
disease predisposes to lung cancer. A pooled
analysis of 17 studies from the International
Lung Cancer Consortium looked at the relation-
ship of lung cancer with emphysema, chronic
bronchitis, pneumonia and tuberculosis. Relative
risk of lung cancer after adjusting for smoking
was 2.44 for emphysema, 1.47 for chronic
bronchitis, 1.57 for pneumonia and 1.48 for
tuberculosis, as compared to those without any of
these benign lung diseases [143].

Chronic obstructive pulmonary disease
(COPD) and its subtypes chronic bronchitis,
emphysema and chronic obstructive asthma, is a
common disease in smokers, although 20 % of
patients with COPD do not have a history of
smoking [144]. Among never smokers, both
emphysema and the combination of emphysema
and chronic bronchitis together are associated
with increased lung cancer risk, but not chronic
bronchitis alone [145].

Pulmonary fibrosis is associated with a poor
prognosis (median survival 2–3 years), with the
most common cause of death being respiratory
failure arising from the disease itself [146].
Several studies have shown that patients with
pulmonary fibrosis have a higher risk of devel-
oping lung cancer with an incidence that ranges
from 4.8 to 48 % [147–150]. A retrospective
study showed a cumulative incidence of lung
cancer at 1, 5 and 10 years of 3.3, 15.4 and
54.7 %, respectively [151].

Alpha1-antitrypsin deficiency carriers
(heterozygous) may not have severe symptoms
and may often be undiagnosed; however, they
appear also to have an increased risk of lung
cancer compared to non-carriers, with an odds
ratio of 1.7 (95 % CI 1.2–2.4) [152].
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19.3.8 Genetic Factors

Individuals with a first-degree relative with lung
cancer have a 1.5-fold increase of lung cancer
after adjustment for confounding factors, with a
higher risk when a sibling rather than a parent is
affected, as shown in a pooled analysis including
24 case-control studies from the International
Lung Cancer Consortium. As expected, family
history is a stronger risk factors for smokers
compared to non-smokers, with more than a
threefold difference [153]. Diagnosis of lung
cancer in more than one relative, or in a relative
at a younger age, have also been associated with
increased risk, although different age cut-offs
have been used in the various studies [154].

For never smokers, family history of lung
cancer again appears to increase the risk of lung
cancer [155], and in turn is associated with an
increased frequency of EGFR mutations [156].

19.3.9 Diet

In the early 1980s, two large randomized studies
with beta-carotene supplementation were con-
ducted to examine its potential as chemopreven-
tion. The CARET study (Beta-Carotene and
Retinol Efficacy Trial) recruited more than 18,000
American men and women who were current or
recent ex-smokers, or men with asbestos exposure
[157]. The ATBC [158] (Alpha-Tocopherol
Beta-Carotene Cancer Prevention) trial in Fin-
land studied more than 23,000 male current
smokers. Both of these trials actually showed a
detrimental effect, with increased lung cancer
incidence in individuals randomized to
beta-carotene compared to placebo (by 28 % in
the CARET trial and 16 % in ATBC). Interest-
ingly, in the Physicians’ Health Study, which
included more than 22,000 male physicians of
whom half were never smokers, neither harm or
benefit was found with beta-carotene supple-
mentation [159]. There are several cohort,
case-control and ecological studies that are
looking into the protective effect of fruit con-
sumption against lung cancer. Most of the studies
report a protective effect for higher versus lower

fruit intake; however, a significant limitation for
all of these studies is that very few have adjusted
for smoking status, highly likely to be a con-
founding variable in this context [160].

A meta-analysis of 20 prospective cohort
studies showed that the risk of lung cancer is
reduced by 3 % for every one serving per day of
vegetables, 5 % for every one serving of fruit and
3 % for every one serving of fruit or vegetables.
Risk was not reduced further after the threshold
of two servings per day of fruit or vegetables
[161]. Consumption of red meat has been linked
with lung cancer and seems to have an adverse
effect as shown in a meta-analysis of 34 studies,
where it was estimated that there is almost a
35 % increase in lung cancer risk for the higher
versus the lower consumption of red meat.
Interestingly, all of the studies included were
adjusted for smoking or involved non-smokers
[162].

There is some evidence supporting physical
activity as having a protective effect against lung
cancer, including case-control and cohort studies,
although there is significant heterogeneity in this
data. Physical activity is a general term that is
challenging to measure. Physical exercise may
arise from occupational, household, transporta-
tion or recreational activities, and variability also
arises from factors like frequency, intensity and
duration [163]. In a prospective study of more
than 500,000 men and women, Leitzmann et al.
found a 23 % reduction in lung cancer risk for
current smokers, and a 22 % reduction for
ex-smokers, when comparing individuals with the
highest and lowest levels of physical activity (≥5
times per week versus inactive). No difference
was seen in never smokers. Physical activity was
defined as any activity with duration ≥20 min
that resulted in increased heart rate, respiratory
rate or sweating [164]. A meta-analysis of 12
cohort studies and 6 case-control studies,
including a total of almost 2.5 million partici-
pants, showed that any amount of physical
activity compared to no activity resulted in a
relative risk of 0.79 for lung cancer (95 % CI
0.68–0.86). Similarly to previously reported
studies the benefit was seen in smokers and for-
mer smokers but not in never smokers [165].
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19.3.10 Summary

Lung cancer accounts for millions of deaths
every year worldwide. Despite recent advances
in understanding the molecular mechanisms
behind its pathogenesis, outcomes remain poor.
Smoking is responsible for the majority of lung
cancer cases and smoking cessation is the most
cost-effective prevention measure.
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20Pathology and Molecular Pathology
of Lung Cancer

Lucian R. Chirieac and Lester Kobzik

20.1 Introduction

The new molecular markers and assays reviewed
in this chapter are the first wave of an exciting
new phase in lung cancer pathology and treat-
ment. The optimal interpretation and clinical
application of these remarkable advances requires
proficiency in lung anatomy and histopathology.
Hence, we begin with a brief overview of lung
structure, followed by a discussion of histological
types of lung cancer, and the principles of grading
and staging. We then focus on the molecular
abnormalities of lung cancer, targeted therapies
and the molecular biomarkers that help identify
patients likely to benefit from these targeted
therapies, the basic molecular biology principles
behind these therapies, selected molecular diag-
nostic techniques, and the pathological features
correlated with molecular abnormalities in lung
cancer. Lastly, we discuss predictive biomarkers
and their corresponding drugs that are currently
under investigation in various phases of clinical
trials. The investigation and analysis of lung
cancer for particular abnormalities expands the
expertise of the pulmonary oncologic pathologist,
who in addition to conventional pathologic anal-
ysis of surgical lung specimens will determine

predictive biomarkers for lung cancer-targeted
therapies [1–4].

20.2 Embryology
and Development
of the Lung

Human lung development begins with a budding
longitudinal groove from the ventral side of the
primitive foregut around 26 days after fertiliza-
tion. This bud progressively bifurcates and grows
on either side of the foregut as the embryonic
lungs, with successive branching giving rise to
the lobar, segmental, and other divisions of the
airways. The developing lungs grow into the
coelomic cavity, the mesothelial lining of which
forms from the mesoderm early in gestation.
After the development of the diaphragm and a
pleuropericardial membrane, the lungs become
confined to the pleural cavities.

The phases of lung development and the
major events are assigned to: (1) an embryonic
stage that lasts until 6 weeks’ gestation; (2) a
pseudoglandular stage in which the primitive air
spaces are widely separated by abundant mes-
enchyme and feature a vacuolated, glycogen-rich
columnar or cuboidal epithelium; after division
of the conductive airways down to the terminal
bronchiole is complete (*16 weeks) this phase
ends; (3) a canalicular stage which includes
appearance of air spaces with an attenuated lining
epithelium. Although no true alveoli are yet
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present, respiration is possible near the end of the
canalicular stage (*28 weeks). The develop-
ment of true alveoli is first readily apparent at
*36 weeks’ gestation, but it is worth noting that
alveoli develop mainly, but not completely, in
the first year of life. This process, along with
remodeling of airways, continues slowly through
childhood and possibly into adolescence.

We finish by noting that the relationship of the
biology of lung development to tumorigenesis
has long sparked interest. For example, the
familiar tumor marker TTF-1 (Nkx2.1) has crit-
ical functions as a transcription factor in lung
budding and development. Especially relevant to
the molecular pathology focus of this chapter are
recent reviews that explore both specific molec-
ular pathways [5] and potential roles for
normal/cancer stem cells [6].

20.3 Anatomy of the Lung

The main bronchi divide to five lobar bronchi,
and subsequent divisions supply the 19 lung
segments [7, 8]. It is certainly worthwhile to be
familiar with their terminology/nomenclature so
as to correlate pathology with input from radi-
ologists and surgeons. However, for the pathol-
ogist, this is perhaps the perfect situation in
which to apply Einstein’s advice to “never
memorize something that you can look up.”

After multiple airway divisions (following
asymmetrical dichotomy—two smaller but
unequal branches), eventually respiratory bron-
chioles alveolar ducts and spaces are formed
where gas exchange occurs. One instance of
somewhat confusing anatomic terminology mer-
its discussion. The lung parenchyma can be for-
mally divided into primary and secondary
lobules. Primary lobules in the original sense
correspond to one acinus, the unit supplied by
one terminal bronchiole. The secondary lobule is
a visible portion of lung surrounded by fibrous
septa that comprises several primary lobules.
However, in practice the septation of secondary
lobules varies and the ability to precisely define
these structures is limited. The term lobule is
commonly used to refer to either true primary or

secondary lobules, and must be interpreted in the
context of the discussion.

The vasculature of the lungs features both bran-
ches of the pulmonary artery that bifurcate along
with the airways (the ‘broncho-vascular bundle’)
and pulmonary veins that run in the interlobular
septa at the periphery of the lungs but join the artery
and airway more proximally near the hilum. Other
components include the bronchial artery circulation
derived from the aorta that supplies oxygenated
blood to the larger airways, and the lymphatics. The
latter include the valved channels that begin at the
bronchiolar level and the pleural plexus that both
ultimatelydrain into thehilarandmediastinal lymph
nodes. The importance of the mediastinal lymph
nodes to modern lung cancer staging is paramount.
The precise mapping of the inferior, aortic, and
superior groups of nodes is well-summarized and
illustrated elsewhere [9, 10].

20.4 Histology of the Lung

Themicroscopic structure of the lung is beautifully
complex, andwe cannot do it justice in this cursory
review. Especially, germane to lung cancer biol-
ogy are: (1) pseudostratified ciliated columnar
epithelium of the airways; (2) the abundant
mucus-secreting goblet cells within airways and in
the submucosal glands present more proximally in
the larger airways; (3) the close proximity of rich
lymphatic vasculature to the airway epithelium,
facilitating invasion by malignant tumors. Newer
microanatomy research in mice identifies special-
ized bronchoalveolar stem cells at the junction of
the airways and alveoli. One hypothesis is that
these cells may also act as cancer stem cells, but
their role in human lung cancer development
remains to be characterized [7].

20.5 Classification of Lung
Cancer

Lung cancer is generally divided into two major
categories: non-small cell lung cancer (NSCLC)
and small cell lung cancer (SCLC). The recent
tumor classification system (Table 20.1) issued
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in 2011 [9] addresses the inadequacies of the
2004 classification and provides the foundation
for tumor diagnosis and patient therapy and a
critical basis for epidemiologic, molecular, and
clinical studies [11]. The most important changes
to the 2004 revised classification system were:

• eliminate bronchioloalveolar carcinoma,
• define the term adenocarcinoma in situ (AIS),
• define the term minimally invasive adeno-

carcinoma (MIA),
• revive the term “lepidic,”
• promote comprehensive histologic subtyping,

Table 20.1 WHO classification of lung tumors
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• emphasize and introduce the term micropap-
illary carcinoma,

• detach the term mucinous adenocarcinoma,
and

• discourage use of the term NSCLC and sub-
classify the tumors in as much detail as
possible.
The histological features of each are described

separately below.

20.5.1 Non-small Cell Carcinoma

20.5.1.1 Adenocarcinoma

Clinical Features
Adenocarcinoma is the most frequent cell type of
lung cancer, accounting for over 50 % of cancers
in most recent series. To date, most validated and
investigational predictive biomarkers have been

Table 20.1 (continued)
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identified in adenocarcinoma as compared to other
cell types and a new subtype classification of
adenocarcinoma has been proposed by the Inter-
national Association for the Study of Lung Can-
cer, American Thoracic Society and the European
Respiratory Society that takes into account the
molecular pathology of these tumors [9]. The
current classification of lung adenocarcinoma by
the World Health Organization recognizes several
distinct morphologic subtypes of adenocarci-
noma: papillary (Fig. 20.1), micropapillary
(Fig. 20.2), acinar (Fig. 20.3), solid (Fig. 20.4),
and lepidic (Fig. 20.5) [11]. The majority of lung
adenocarcinomas exhibit combinations of mor-
phologic patterns [12–14]. While the biologic
basis for the histologic subtypes remains an area
of active investigation [14], there is evidence that
some subtypes may be associated with specific
molecular alterations [14–19] or a better outcome
[20–22].

Pathologic Features

Gross Findings
Grossly, adenocarcinoma typically has an irregu-
larly lobulated configuration, with a gray-white cut
appearance. As they are predominantly peripheral
parenchymal masses, adenocarcinomas, in

contrast to squamous cell carcinoma of the lung,
are rarely associated with large airways. Anthra-
cotic pigment is commonly entrapped in the tumor
mass.Gross necrosis is uncommon except in larger
masses. They may be found in association with
fibrosis and pleural puckering. The penetration of
the pleura may require additional studies such as
elastic stains are important in tumor staging (see
below).

Microscopic Findings
Adenocarcinoma in situ (AIS): AIS, formerly
BAC, is an important subtype of pulmonary ade-
nocarcinoma (Fig. 20.6). This cancer has received
increasing attention in recent years owing to its
increasing incidence and rate of sensitivity to
epidermal growth factor–tyrosine kinase inhibi-
tors [24]. AIS is a primary lung tumor with a
peripheral location, well-differentiated cytology,
lepidic growth pattern, and a tendency for both
aerogenous and lymphatic spread. The key feature
is preservation of the underlying architecture of
the lung with no invasion.

Minimally invasive adenocarcinoma (MIA):
MIA was introduced to define patients with a
near 100 % 5-year disease-free survival. It is
defined as a lepidic predominant tumor measur-
ing 3 cm or less that has an invasive component

Fig. 20.1 Papillary
adenocarcinoma is
characterized by finger-like
projections of tumor cells
connected by a stromal
core abundant in vascular
structures, with tumor cells
protruding to the outside of
these core structures. Due
to the spatial 3D
arrangements, some of
these papillae give the false
impression of floating into
the tumor spaces
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of 5 mm or less [25]. MIA is characterized by a
combination of ground glass opacity (GGO) and
a central solid opacity, with the solid component
measuring 5 mm or less. Nonmucinous MIA is
more common than mucinous MIA and most
often appears as a GGO. Mucinous MIA appears
radiologically as a solid or part-solid nodule.

Invasive adenocarcinoma: Changes were
inserted in the classification of invasive adeno-
carcinomas. The current classification of lung
adenocarcinoma by the World Health Organi-
zation recognizes several distinct morphologic
subtypes of adenocarcinoma: papillary,
micropapillary, acinar, solid, and lepidic [11].

Fig. 20.2 Micropapillary
adenocarcinoma is
characterized by a piling up
and clustering of tumor
cells in the alveoli. These
clusters miss the vascular
cores, in contrast to
papillary adenocarcinoma

Fig. 20.3 Acinar
adenocarcinoma is the
classical pattern of
adenocarcinoma with
tumor cells arranged in
tubular architectures also
called acinar
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The majority of lung adenocarcinomas exhibit
combinations of morphologic patterns [12–14].
While the biologic basis for the histologic sub-
types remains an area of active investigation [14],
there is evidence that some subtypes may be
associated with specificmolecular alterations [14–
18] or a better outcome [20–23]. Overtly invasive
adenocarcinomas are classified according to the
predominant subtype after the use of com-

prehensive histologic subtyping to estimate the
percentages of the various components in a
semiquantitative fashion in 5–10 % increments.
The adenocarcinoma patterns are: lepidic, aci-
nar, papillary, micropapillary, and solid. The
invasive adenocarcinoma variants are mucinous
adenocarcinoma (Fig. 20.7), colloid, fetal, and
enteric morphologies. The term lepidic pre-
dominant adenocarcinoma consists of mixed

Fig. 20.4 Solid lung
adenocarcinoma
characterized by irregularly
shaped islands of tumor
cells sometimes separated
by stroma (desmoplastic
reaction). This architectural
pattern has no particular
shapes, and is considered
one of the worst behaving
and aggressive type of lung
cancer

Fig. 20.5 The lepidic
pattern characterized by the
tumor cells missing any
invasion into the stroma. In
this architectural pattern,
the tumor cells spread
along the alveolar walls,
replacing the normal
pneumocytes type II. This
pattern is most commonly
associated with some of the
other previously mentioned
patterns
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subtype tumors containing a predominant lepidic
growth pattern of type II pneumocytes and/or
Clara cells (formerly known as nonmucinous
BAC) that have an invasive component >5 mm.
A micropapillary predominant subtype is added
because it has been recognized as a poor prog-
nostic category. Signet ring (Fig. 20.8) and clear
cell carcinoma (Fig. 20.9) subtypes are now

recorded as cytologic features whenever present
with a comment about the percentage identified.

High-power examination reveals that the
tumor cells are typically polygonal with large
vesicular nuclei, prominent nucleoli, and mod-
erately abundant cytoplasm. Unlike SCC, the
cytoplasmic borders are often poorly defined or
indistinct. In addition, a variety of cell types have

Fig. 20.6 Adenoma
in situ (AIS) This tumor is
composed only by the
noninvasive lepidic pattern.
No invasion is identified
into stroma, lymphatics, or
pleura. Patients with this
type of in situ carcinoma
are considered to be cured
by simple surgical excision

Fig. 20.7 Mucinous
adenocarcinoma composed
of tumor cells secreting
large amounts of mucus in
the alveolar spaces and
stroma
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been described, such as clear cell, mucinous,
fetal, sarcomatoid, and signet-ring cell. More-
over, it is not uncommon for adenocarcinoma to
be present in association with other types of lung
carcinoma (e.g., combined with SCLC, or
large-cell neuroendocrine carcinoma, or SCC, or
sarcomatoid carcinoma).

20.5.1.2 Squamous Cell Carcinoma

Clinical Features
SCCs represent approximately 30 % of all
NSCLC. Their incidence has been decreasing
compared to adenocarcinomas, possibly due to
changes in smoking habits. It is strongly linked
to a history of cigarette smoking.

Fig. 20.8 Signet ring cell
carcinoma are cells with a
peculiar cytology: the
mucin is collected in the
cytoplasm, pushing the
nucleus to the periphery of
the cell, giving the cell a
peculiar appearance
resembling an archaic ring
with an attached seal
structure

Fig. 20.9 Some of the
carcinomas have a
glycogenized (clear)
cytoplasm. This particular
type of cytology (clear cell
cytology) has no particular
prognostic or biological
significance
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Pathologic Features

Gross Findings
Most SCCs arise centrally from the segmental or
subsegmental bronchi. However, the incidence of
SCC of the peripheral lung is increasing.
Grossly, tumor masses are usually gray white to
yellow tan. SCC is the most common type to
give rise to a thick-walled irregular cavity with
central necrosis. The texture can be firm or gritty
and may be surrounded by areas of obstructive
consolidation. Some of the proximal tumors have
an exophytic, papillary, and endobronchial
growth pattern. Because of their frequent central
location (in the mainstem, lobar, or segmental
bronchi), diagnosis by cytological examination
of sputum, bronchoalveolar lavage (BAL),
bronchial brushing and washing, or endoscopic
biopsies can be performed with generally satis-
factory results. Also, because of their central
location, direct extension of the primary tumor
mass into the adjacent hilar lymph nodes is
common.

Microscopic Findings
SCC is a malignant epithelial tumor with kera-
tinization and/or intercellular bridges (Fig. 20.10).

SCC is graded as well differentiated if prominent
keratinization, intercellular bridges, or pearl for-
mation is present. They are moderately differen-
tiated if these features are easily seen but not
extensive. Poorly differentiated SCCs have only
focal morphologic features of squamous differen-
tiation. Keratinization may take the form of
squamous pearls or individual cells with markedly
eosinophilic dense cytoplasm. The presence of
intracellular mucin in a few cells does not exclude
tumors from this category. In situ SCC may be
seen in the adjacent airway mucosa.

SCCs can present as histological variants
which include: papillary, clear cell, small cell,
and basaloid patterns. Rarely, these patterns are
seen throughout the tumor, but more commonly,
they are focal. Even though invasive growth is
not identified, papillary SCC can be diagnosed if
there is sufficient cytological atypia. However,
small biopsy specimens that show a very
well-differentiated papillary squamous epithe-
lium should be interpreted with caution since
separation of a papillary squamous carcinoma
from a papilloma can be difficult. Furthermore,
the squamous epithelium of a squamous papil-
loma may extend into the bronchial glands and
should not be confused with invasion.

Fig. 20.10 Squamous cell
carcinoma is a malignant
epithelial tumor with
keratinization and/or
intercellular bridges
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20.5.1.3 Large-Cell Carcinoma
Large-cell carcinoma (LCC) is an undifferenti-
ated malignant epithelial tumor accounting for
approximately 10 % of all lung cancers in many
series. It is strongly associated with cigarette
smoking. The lesion tends to occur in the
periphery and grows rapidly. It usually presents
at a late stage, resulting in a poor outcome.

Pathologic Features

Gross Findings
About half of the cases display a relationship to a
large airway. Grossly, LCCs are frequently
greater than 5 cm in size and have a white to gray
or fish-flesh cut appearance. Gross tumor necro-
sis is commonly appreciable.

Microscopic Findings
LCC is a diagnosis of exclusion made after ruling
out the presence of a component of SCC, ade-
nocarcinoma, or SCLC. Because of this, the
diagnosis is best made on resection specimens,
and not on small biopsy specimens. In general,
the cells typically have large nuclei, prominent
nucleoli, and a moderate amount of cytoplasm.
They are typically arranged in sheets or large
nests, frequently revealing foci of necrosis.

Morphologically, they have lobular, trabecu-
lar, or palisading growth patterns surrounding
typically centrally located comedo-type necrosis.
These tumors consist of relatively small
monomorphic cuboidal to fusiform cells with
moderately hyperchromatic nuclei, finely granu-
lar chromatin, absent or only focal nucleoli, scant
cytoplasm, and a high mitotic rate. Neither
intercellular bridges nor individual cell kera-
tinization are present. A high percentage of cases
have associated carcinoma in situ. Immunohis-
tochemical stains for adenocarcinoma, SCC, and
neuroendocrine markers are negative. About half
of the tumors with this histological pattern are
pure basaloid carcinomas. Immunohistochem-
istry (IHC) reveals that these neoplasms com-
monly express cytokeratin, but do not express
TTF-1 or p63. Ultrastructural analysis of LCCs
usually shows evidence of squamous, glandular,
or neuroendocrine differentiation, suggesting that

these are, in fact, very poorly differentiated
NSCLCs.

20.5.2 Small Cell Carcinoma

SCLC is defined as a neuroendocrine tumor with
more than 10 mitoses per 2 mm2 and small cell
cytologic features. Cells have an oval or vaguely
spindled shape and have scant cytoplasm. Nuclei
are hyperchromatic and have absent or very
small nucleoli (Fig. 20.11). Crush artifact may be
prominent on small biopsies, but this is not
pathognomonic for the diagnosis of SCLC. In
larger core biopsies or resected specimens, the
cells may appear slightly larger than in a trans-
bronchial biopsy and may have distinct cyto-
plasm. Numerous prominent nucleoli and large
cells should not be seen.

20.6 Lung Cancer Grading

Histological grading (well, moderately, and
poorly differentiated adenocarcinomas) has
prognostic significance and recently published
analyses have been validated in clinical practice
using histological and cytologic criteria [26].

20.7 Lung Cancer Staging

Stage is the most important prognostic and pre-
dictive factor for patients with lung neoplasms,
and pathologists are expected to provide accurate
staging information in lung-resection specimens.
Separate staging systems have been proposed for
patients with NSCLC and SCLC. The seventh
edition of the published guidelines of the
American Joint Commission on Cancer (AJCC)
compiles the most recent clinical and pathologic
staging of patients with lung cancer and other
neoplasms (Table 20.1). The designation “T”
refers to a primary tumor that has not been pre-
viously treated. The symbol “p” refers to the
pathologic classification of the tumor/node/
metastasis (TNM), as opposed to the clinical
classification, and is based on gross and
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microscopic examination. “pT” entails a resec-
tion of the primary tumor or biopsy adequate to
evaluate the highest pT category, pN entails
removal of nodes adequate to validate lymph
node metastasis, and pM implies microscopic
examination of distant lesions. Overall survival
for lung cancer is 16 %; however, survival is
stage-dependent. Overall survival rates for
patients with stages I–IV NSCLC are 60–80, 25–
50, 10–40, and 4:5 %, respectively.

Patients with Stage I usually undergo surgical
resection with lobectomy, segmentectomy, or
wedge resection. Usually for patients with stage II
disease (and for those with Stage III disease
diagnosed upon final pathology following resec-
tion), treatment should include anatomic surgical
resection followed by adjuvant chemotherapy.
Patients with resectable disease (Stages I and II)
who have medical contraindications for surgery
are candidates for curative radiation therapy.
Patients with stage IIIA NSCLC receive neoad-
juvant chemotherapy followed by surgical resec-
tion. Patients with Stage IIIB disease are treated
with radiation therapy in combination with
chemotherapy; those with stage IV disease
receive this regimen, predominantly as palliative
therapy.

20.8 Molecular Alterations
and Precision
Oncology in Lung
Cancer

NSCLC is the second most common cancer
diagnosed in the United States and the leading
cause of cancer-related mortality, with an esti-
mated 221,200 new cases and 158,040 deaths
anticipated in 2015 [27]. Lung cancer was the
leading cause of cancer death among men in
2012 [28]. Among women, lung cancer was the
leading cause of cancer death in more developed
countries, and the second leading cause of cancer
death in less developed countries [28]. Globally,
the overall lifetime risk of lung cancer is about 1
in 13 for men and 1 in 16 for women. The risk is
significantly higher for smokers and lower for
nonsmokers [29–31]. However, lung cancer rates
in Chinese women (20.4 cases per 100,000
women) were higher than rates among women in
some European countries despite a lower preva-
lence of smoking. This is thought to reflect
indoor air pollution from unventilated coal-
fueled stoves and cooking fumes [32]. Other
known risk factors for lung cancer include

Fig. 20.11 Small cell
carcinomas are extremely
aggressive tumors with a
neuroendocrine
differentiation. Cells have
an oval or vaguely spindle
shape with very scant
cytoplasm, nuclear molding
with absent or very small
nucleoli
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exposure to occupational and environmental
carcinogens such as asbestos, arsenic, radon, and
polycyclic aromatic hydrocarbons [33]. Recently,
outdoor pollution has also been determined to
cause lung cancer [34, 35]. More than one-half of
the lung cancer deaths attributable to ambient
fine particles were projected to have been in East
Asian countries [36].

In the past years, given the development of
new targeted therapies, tremendous efforts have
been directed towards identifying potentially
druggable molecular alterations, especially
against known activating mutations. Although
numerous mutations have been described in lung
adenocarcinoma [37], the mutation status
remains unknown in more than 50 % of cases
[38]. So far, we can identify at the present
moment therapeutic targets in only 20 % of lung
cancers.

Molecular profiling has become the standard
of care for advanced (metastatic) lung cancer. For
nonsquamous NSCLC, which accounts for more
than half of all lung cancer cases, routine testing
for epidermal growth factor receptor (EGFR)
mutations and anaplastic lymphoma kinase
(ALK) rearrangements is recommended. In cases
with identified EGFR (approximately 15 % of
NSCLC) or ALK alterations (approximately 5 %
of NSCLC), molecularly targeted therapy with
EGFR-or ALK-targeting drugs is now the pre-
ferred initial approach to treatment [39].

20.8.1 Targeted Therapies in
Lung Cancers
with Epidermal
Growth Factor
Receptor (EGFR)
Abnormalities

20.8.1.1 EGFR
Recognized mechanisms of EGFR gain of func-
tion in NSCLC include somatic activating
mutations in the exons encoding the tyrosine
kinase domain and EGFR gene amplification
[40–42]. The EGFR mutation status is best
determined by gene sequencing abnormalities of

EGFR status may also be observed with gene
copy number determined by fluorescence in situ
hybridization (FISH) or chromogenic in situ
hybridization (CISH), and protein expression
determined by IHC with mutation-specific anti-
bodies. Several mutations have been recently
described in the tyrosine kinase domain of EGFR
[40, 43]. EGFR is expressed in 50 % of
NSCLCs, and its expression is correlated with
poor prognosis [44]. These two factors make
EGFR and its family members prime candidates
for the development of targeted therapeutics [45].
EGFR kinase domain mutations target four exons
[18–21], which encode part of the tyrosine kinase
domain (the entire kinase domain is encoded by
exons 18–24) and are clustered around the
ATP-binding pocket of the enzyme [46–50].

EGFR gene amplification is detected in some
EGFR-mutation-positive patients as well [51].
A subset of lung adenocarcinomas has activation
of growth factor receptor (EGFR) by mutations
and/or amplification but the interaction between
them is complex and unclear. Some EGFR-
amplified lung adenocarcinomas have distinct
genetic alterations, unique clinicopathologic
features, and worsened prognosis [51, 52]. Fur-
thermore, EGFR amplification and EGFR muta-
tions are heterogeneously distributed within any
given tumor. These are novel and important
findings with implications for the efficacy of
treatment with tyrosine kinase inhibitors in
patients with EGFR-mutant lung adenocarci-
noma [51].

Recent discoveries described EGFR
mutation-specific antibodies that could help in
the rapid screening of lung cancers with EGFR
mutations (Fig. 20.12) [52].

Mutations in the tyrosine kinase domain of the
EGFR have prognostic significance since
patients with EGFR-mutant NSCLC have pro-
longed disease-free survival compared with those
with wild-type disease, regardless of the treat-
ment received [2, 53, 54]. Although EGFR
mutations are predictive of response to EGFR
tyrosine kinase inhibitor (TKI) therapy, they do
not appear to be predictive of a differential effect
on survival [54].

20 Pathology and Molecular Pathology of Lung Cancer 379



20.8.1.2 Targeted Agents Against Lung
Cancer with EGFR
Mutations

EGFR-mutant NSCLC generally refers to cases
with sensitizing mutations in the EGFR kinase
domain (exon 19 deletions or exon 21 L858R
substitutions). These activatingmutations result in
constitutive activity of the EGFR kinase domain,
generating survival and proliferative signals
through the PI3 K-Akt-mTOR and Ras-Raf-MEK
pathways. In these cases, EGFR inhibitors such as
erlotinib, gefitinib, and afatinib in the first-line
setting yield response rates in excess of 75 %, and
overall survival exceeding 2 years [39]. In con-
trast, in NSCLC without actionable molecular
alterations treated with conventional chemother-
apy, response rates are approximately 30 %,
median overall survival is 12 months. The first
two TKI agents approved for use in lung cancer
that target lung cancer with EGFRmutations were
gefitinib (2002) and erlotinib (2003). EGFR
mutation is a specific target for therapy by TKIs
and is a validated biomarker of treatment response
[42]. The clinical utility of this biomarker is sup-
ported by prospective clinical trials that have
demonstrated a progression-free survival benefit
of TKI as first-line therapy in EGFR-mutant
patients [55]. Based on current data, predictive
biomarker tests for EGFR should involve

mutational analysis. Molecular profiling has
become the standard of care for advanced (meta-
static) lung cancer and routine testing for EGFR is
recommended [56, 57]. In cases with identified
EGFR alterations, molecularly targeted therapy
with EGFR-targeting drugs is now the preferred
initial approach to treatment.

Resistance to TKI therapy is associated with
KRAS mutation and specific acquired EGFR
mutations such as T790 M [58, 59]. These
molecular events, as well as other genetic alter-
ations in cMet (amplification), ERBB3 (overex-
pression), and epiregulin (autocrine loop
activation), account for approximately 50 % of
cases of TKI-resistance [50, 60–62].

20.8.2 Genotype-Phenotype
Correlations

In patients with lung adenocarcinoma treated
with erlotinib and gefitinib, favorable responses
were associated with adenocarcinoma with lepi-
dic patterns [18]. This finding led to trials of
gefitinib and erlotinib in patients that showed that
17–22 % of patients had a response to gefitinib
[63, 64]. The weak correlation between EGFR
mutation status and adenocarcinoma subtypes
[65, 66] led to the adoption of reflex genetic

Fig. 20.12 Using exon 19
deletion-specific antibody
recently described one is
able to directly visualize
the location of tumor cells
with EGFR exon 19
deletion mutations and
show heterogeneity in
receptor overexpression
among different tumor cells
(Immunohistochemistry,
exon 19 deletion-specific
antibody,
200× magnification)
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testing of all lung cancers and investigation for
treatable molecular targets [67]. Genetic abnor-
malities can be seen in different histology types
although with various frequency. One charac-
teristic correlation is that mucinous adenocarci-
noma (Fig. 20.13) may be exclusively TTF1
negative, EGFR mutation negative but may have
Ras mutation, and expresses CDX2 possibly
because of their presumed derivation from
bronchiolar mucinous goblet cells [15, 68].
However, more recently, molecular genetic
analyses of lung adenocarcinoma have recently
become the standard of care for treatment selec-
tion [57].

20.8.3 Targeted Therapies
with Angiogenesis
Inhibitors
in Nonsquamous
NSCLC

Recent studies show that NSCLC with histology
types other than SCC appear to be more associ-
ated with response to treatment with beva-
cizumab. Bevacizumab (Avastin®) is a

monoclonal antibody with high affinity for
VEGF. Despite the potential benefit of beva-
cizumab for some patients with previously
untreated advanced NSCLC [69, 70], the appro-
priate clinical setting for the use of this antian-
giogenic agent is stringent, due to safety issues
raised in patients with SCC, which requires an
accurate diagnosis on the pretreatment biopsy
specimens. The clinical activity of bevacizumab
in inoperable locally advanced, metastatic, or
recurrent NSCLC was first shown in
chemotherapy-naive patients [71]. Patients with
nonsquamous NSCLC histology are the only
patients who benefit from treatment with beva-
cizumab in combination with chemotherapy [69].

Bevacizumab is currently contraindicated in
patients with SCC on the basis of the results of a
recently published phase II trial [71] that 31 % of
patients with SCC histology developed a
life-threatening or fatal hemoptysis associated
with bevacizumab, although it is still not clear
whether histology alone is the reason for
increased bleeding risk. Excluding patients with
SCC appeared to markedly limit the risk of
life-threatening bleeding complications associ-
ated with bevacizumab.

Fig. 20.13 Mucinous
adenocarcinoma is
exclusively TTF1 negative,
EGFR mutation negative
but may have Ras mutation
(H&E,
100× magnification)
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20.8.4 Targeted Therapies in
Lung Cancers with
Anaplastic Lymphoma
Kinase (ALK)
Abnormalities

On August 26, 2011, the Food and Drug
Administration (FDA) approved crizotinib for
the treatment of patients with locally advanced or
metastatic NSCLC that is ALK-positive by FISH
(Fig. 20.14). Anaplastic large-cell lymphoma
kinase gene (ALK) was originally identified
through cloning of the t [2, 5] (p23;35) translo-
cation found in a subset of anaplastic large-cell
lymphomas (ALCLs), a tumor of T-cell lineage
[72, 73]. ALK encodes a tyrosine kinase receptor
that is normally expressed only in select neuronal
cell types. In ALK-rearranged ALCLs, the
intracytoplasmic portion of ALK is fused to the
N-terminal portion of nucleophosmin (NPM) re-
sulting in a chimeric protein with constitutive
kinase activity. Several other balanced translo-
cations involving ALK have been discovered in
ALCLs; however, the various resulting chimeric
proteins all retain the ALK kinase domain [74].
The importance of the kinase activity is exem-
plified by ALK-rearranged ALCL cell lines
which are dependent upon ALK enzymatic
activity for growth and survival.

Recently, ALK rearrangements were identified
in rare NSCLC cell lines and in isolated primary
adenocarcinomas from Japanese and Chinese
populations [75, 76]. The majority of the ALK
rearrangements within NSCLCs result from an
interstitial deletion and inversion in chromosome
2p and result in the EML4-ALK fusion gene
product [75, 76]. Murine tumors, human cell lines,
and a recent published clinical trial have shown
that lung cancers expressing EML-ALK are sen-
sitive to inhibitors of ALK kinase activity [77–
79]. Thus, it is critical to efficiently and accurately
identify those lung adenocarcinomas that harbor
ALK rearrangements in routine practice in order
to guide the appropriate clinical therapy.

None of the ALK-rearranged adenocarcino-
mas showed coexistent mutations in EGFR.
Published studies show that ALK-rearranged
adenocarcinomas are more likely to present in
younger patients with a history of never-
smoking, and at higher stage relative to those
without ALK rearrangements (ALK germline)
[80]. The majority of ALK-rearranged adeno-
carcinomas had a distinct histology represented
by solid tumor growth and frequent signet-ring
cells with abundant intracellular mucin
(Fig. 20.15) [80].

The developing evidence-based guideline
recommendations of the College of American

Fig. 20.14 Identification
of lung cancers with
chromosomal
translocations involving
ALK requires fluorescence
in situ hybridization on
formalin-fixed,
paraffin-embedded tumor
tissues using a break-apart
probe to the ALK gene
(FISH,
1000× magnification)
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Pathologists (CAP), the International Association
for the Study of Lung Cancer (IASLC), and the
Association for Molecular Pathology (AMP) for
the molecular testing of lung cancers will likely
conclude that ALK rearrangements be typically
assessed by molecular cytogenetic techniques
such as FISH and the currently commercially
available ALK monoclonal antibodies help in
screening lung cancers for ALK rearrangements.
Therefore, IHC is useful in identifying cases with
ALK rearrangements at the present time [80–83].

20.8.5 Other Molecular
Abnormalities
that Show Promise
for Targeted
Therapies in Lung
Cancer

20.8.5.1 ROS1
Due to multiplex genomic analysis, such as that
conducted by the Lung Cancer Mutation Con-
sortium, and the emergence of clinically avail-
able Next Generation sequencing, understanding
of the molecular underpinnings and

vulnerabilities of lung cancer has evolved well
beyond EGFR and ALK [84]. ROS1 rearrange-
ments occur in 1–2 % of NSCLC [85]. ROS1 has
a high degree of homology with ALK (approxi-
mately 50 % within the kinase domain and 75 %
within the ATP-binding site), and the majority of
cases respond to the first-generation ALK inhi-
bitor crizotinib; however, certain other ALK
inhibitors such as alectinib do not appear to have
activity against ROS1-positive cases. ROS1 is a
distinct receptor with a kinase domain that is
phylogenetically related to the anaplastic lym-
phoma kinase/lymphocyte-specific protein tyr-
osine kinase (ALK/LTK) and insulin receptor
(INSR) RTK families, suggesting that tyrosine
kinase inhibitors for these receptors could have
cross-activity against ROS1 [86].

20.8.5.2 Her-2
Unlike the other members of the HER family,
HER-2 is not strictly a receptor tyrosine kinase
because no high-affinity endogenous ligand has
been identified. HER-2 acts as a signaling network
coordinator and amplifier when it heterodimerizes
with other HER family members. HER-2 muta-
tions (in contrast to amplification, which is the

Fig. 20.15 The majority
of ALK-rearranged
adenocarcinomas had a
distinct histology
represented by solid tumor
growth and frequent
signet-ring cells with
abundant intracellular
mucin (H&E,
100× magnification)
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pathogenic event in breast and gastroesophageal
cancer) occur in 2–4 % of NSCLC. Dual
EGFR/HER2 inhibitors such as afatinib and lapa-
tinib, as well as the anti-HER2 antibody trastuzu-
mab, have activity against these cases [87, 88].
They are in-frame insertions in exon 20 and have
targeted the corresponding TK domain region, as
in EGFR-insertion mutations. These mutations
occur in the same subpopulation as those with
EGFR mutations (adenocarcinoma, never-smoker,
East Asian, and women) [66]. Although HER-2
mutations occur in only 2 % of patients, HER-2 is
frequently overexpressed to some degree in
NSCLC and appears to be associated with
drug resistance, increased metastatic potential,
increased production of vascular endothelial
growth factor (VEGF), and poor prognosis [89].
HER-2–mediated resistance to DNA-damaging
agents requires the activation of Akt, which
phosphorylates murine double minute 2 (MDM2)
and therefore enhances MDM2-mediated ubiqui-
tination and degradation of p53. Blocking the Akt
pathway mediated by HER-2 increases the cyto-
toxic effect of DNA-damaging drugs in tumor cells
with wild-type p53. Furthermore, recent studies
have shown that the G/G genotype of the MDM2
polymorphism is associated with worse overall
survival among early-stage NSCLC patients, par-
ticularly those with squamous cell histology [90].

Trastuzumab (Herceptin) is a chimerized
monoclonal antibody against HER-2. Combina-
tions of trastuzumab and chemotherapy are well
tolerated, with response rates of 21–40 % [91].
One trial showed that patients whose tumors
highly overexpressed HER-2 (3+) by IHC or
evidence of amplification by FISH showed a
good response. It appears that highly overex-
pressing HER-2 cases of NSCLC (3+ by IHC),
although relatively infrequent (3–9 %), may
show benefit with treatment with trastuzumab.

20.8.5.3 MET Proto-oncogene
MET can be activated by mutations,
autocrine/paracrine growth, overexpression by
gene amplification, or decreased degradation
[92]. Germline and somatic MET gene mutations
have been reported in hereditary and sporadic
papillary renal cell cancers [93]. MET gene

mutations and amplifications have been reported
in other cancers to be predictors of response to
therapy [94]. Expression of MET and
phospho-MET has been studied in lung cancer,
and recently it was shown that 40 % of lung
cancer tissues overexpressed MET [95–97].
Recent studies have shown that survival in
NSCLC patients with ≥5 copies/cell is worse
than those with less than 5 copies/cell and that
MET gene amplification leads to EGFR tyrosine
kinase resistance in EGFR-mutant patients [62].
Anti-HGF antibodies, anti-MET antibodies, and
small-molecule MET TKI inhibitors are all in
various stages of development, and predictive
biomarkers for MET inhibitors will be important
to elucidate for future trials and treatment deci-
sions [92].

20.8.5.4 Other Targeted Molecular
Therapies

There has been tremendous research and invest-
ment in the development of small molecules that
target key proteins in cell signaling pathways that
are aberrantly altered in disease, particularly in
carcinogenesis. For instance, receptor tyrosine
kinases (RTKs) serve as potential therapeutic
targets in several solid tumors, including lung
cancer.

Gene fusions involving the rearranged during
transfection (RET) gene occur in approximately
1 % of NSCLC. Several commercially available
multitargeted kinase inhibitors have RET activity
(e.g., vandetanib, sorafenib, sunitinib, cabozan-
tinib); cabozantinib has led to radiographic
responses.

BRAF mutations occur in 1–3 % of NSCLC.
Of these, approximately 50 % are V600 and
respond to BRAF inhibitors such as vermu-
rafenib and dabrafenib, both currently approved
for V600 BRAF-mutant melanoma.

The RTK c-kit is highly expressed in SCLC
(although it is not mutated), and this has led to
clinical trials with the specific c-KIT inhibitor
(STI-571, Glivec, Novartis), alone and in com-
bination therapy. However, these trials have
failed to show a meaningful benefit from the
imatinib treatment [98]. Antibodies against the
angiogenic factor VEGF and small molecules
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against VEGF receptors, such as SU5416, which
is an inhibitor of Flk-1 receptor, are being tested
in NSCLC and other tumor types. More recently,
modification of gene expression using siRNAs
has the promise of being the most powerful tool
yet.

20.9 Conclusion

Surgical excision remains the only therapeutic
modality that can cure selected lung cancer
patients. Pathologists play an important role in
the surgical management of patients with lung
cancer, from preoperative diagnosis and staging,
to intraoperative evaluation and postoperative
assessment of tumor genetic alterations. With the
design of new targeted therapies, pathologists are
required to identify the “targeted” population or
the subset of patients that benefits the most from
these novel therapies.

The clinical application of molecular diagnos-
tic techniques has allowed a more precise and
rapid assessment of lung cancer and will triage the
patient to “personalized” therapies that will have
the highest rates of eradicating the tumor. The
convergence of genetics, informatics, and imag-
ing, along with other novel technologies, like cir-
culating free DNA (cfDNA) is rapidly expanding
the area of “precision medicine” by refining the
classification of lung cancer, often with important
prognostic and treatment implications [99–101].
Among these new technologies, genetics and
next-generation DNA sequencing methods are
having the greatest effect. The prospect of
sequencing whole genomes at lesser costs
reshapes our approaches to genetic testing [102].
The clinical implications will be greatest when the
results of genetic testing are actionable to inform
about prognosis and prediction to therapeutic
modalities [103].

Our knowledge about lung cancer changed
radically in the past decade, and progress mainly
depends on identifying new predictive biomark-
ers. We need to better understand both the tumor
and the host biology that underlies tumor sensi-
tivity and resistance in order to provide a ratio-
nale for specific targeted therapy.
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21Epidemiology of Colorectal Cancer

NaNa Keum and Edward L. Giovannucci

21.1 Clinical Picture of the Disease:
Symptoms, Diagnosis,
Treatment, and Prognosis

Colorectal cancer (CRC) refers to malignant
tumors that develop from cells in the large
intestine. In the early stages, CRC usually pro-
duces no symptoms. In the later stages, however,
CRC may cause symptoms, including changes in
bowel habits (e.g., diarrhea, constipation, and
narrow stools), persistent abdominal discomfort
(e.g., cramps, gas, and pain), bloody stools,
fatigue, and unintended weight loss. These
symptoms manifest in varying degrees depend-
ing on the location, size, and stage of CRC. To
diagnose CRC, several tests are available
including fecal occult blood test, flexible sig-
moidoscopy, colonoscopy, computed tomogra-
phy CT colonography, and barium enema.
Surgical removal, chemotherapy, and radiation
therapy are the three major treatment options that
may be used alone or in combination. The
prognosis largely depends on the stage and grade
of CRC at diagnosis. An estimated five-year
survival rate in the United States (U.S.) between
2004 and 2010 ranges from 12 % for the most
advanced CRC (i.e., stage IV) to 90 % for the
least advanced CRC (i.e., stage I) [1]. Early

detection of asymptomatic CRC through
screening enhances CRC survival.

21.2 Descriptive Epidemiology

CRC is the third most commonly diagnosed
cancer and the fourth leading cause of cancer
death worldwide [2]. Globally, over 1.3 million
new cases (9.7 % of all cancer diagnosis
excluding non-melanoma skin cancer) were
diagnosed and approximately 690,000 deaths
(8.5 % of all cancer deaths excluding
non-melanoma skin cancer) were attributed to
this malignancy in 2012 [2]. Before the 1900s,
CRC was relatively uncommon, but incidence
rates have risen dramatically in parallel with
economic development and adoption of the
sedentary lifestyle and Western diet. Over the
last few decades, incidence rates invariably
increased in economically transitioning coun-
tries, but stabilized in the majority of developed
countries and decreased in the U.S. [3].

Geographically, the higher rates of CRC in
economically developed countries drive a wide
variation in age-adjusted incidence rates across
the countries worldwide. In 2012, there was an
estimated 11-fold difference in age-standardized
incidence rates between the highest observed in
South Korea (45.0/100,000 person-years) and the
lowest observed in Western Africa (4.1/100,000
person-years) (Fig. 21.1) [4]. The variation was
approximately 2.5-fold between more developed
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countries (29.2/100,000 person-years, in all
regions of Europe plus Northern America,
Australia/New Zealand and Japan) and less
developed countries (11.7/100,000 person-years,
in all regions of Africa, Asia [excluding Japan],
Latin America and the Caribbean, Melanesia,
Micronesia and Polynesia) [4].

CRC is rare under the age of 40, but incidence
rates increase with age thereafter. With the rates
rising rapidly after age 50 years, approximately
90 % of CRC cases are diagnosed in people age
50 years or older [5]. For an average individual in a
typical Western population (e.g., U.S.), the lifetime
risk of developing CRC is approximately 5 % [6].

Globally, the age-standardized incidence rate
is about 1.4 times higher in men (20.6/100,000
person-years) than in women (14.3/100,000
person-years) [7]. Yet, women on average live
longer than men, with the median age at diag-
nosis higher (73 years) than that in men (69
years) [8]. There are only slightly more CRC
deaths in men (373,631/year) than in women
(320,250/year) [7].

In the U.S., the highest age-standardized
incidence rate has been observed in African
Americans (men: 62.3/100,000 person-years,
women: 47.5/100,000 person-years) among all
racial and ethnic groups, followed by White,
Hispanic, Asian/Pacific Islander, and American
Indian/Alaska Native people [9].

21.3 Risk Factors

The risk of CRC is predominantly attributed to
unhealthy lifestyle factors associated with West-
ernization. Migrant studies observed that CRC
incidence and mortality rates among immigrants
who moved from low-risk to high-risk countries
converged to the rates of the host countries [10,
11], indicating the importance of environmental
influences in colorectal carcinogenesis. In the U.S.,
as much as 50 % of CRC cases were estimated to
be attributable to an unhealthy diet, physical inac-
tivity, and excess body weight [12]. Additionally
including a lower intake of folic acid from sup-
plements and long-term smoking, more than
two-thirds of CRC cases can be attributable to
lifestyle factors [13]. Considering that these life-
style factors are modifiable, such a large population
attributable risk percent implies a considerable
number of CRC cases preventable through lifestyle
modifications.

In contrast, some factors that predispose
people to CRC are non-modifiable. While
explaining a smaller proportion of CRC cases,
non-modifiable risk factors including a positive
family history and inherited genetic factors are
responsible for differences in the susceptibility of
individuals to CRC (Table 21.1) [14–16], and
contribute particularly to early-onset CRC.

Fig. 21.1 Age-standardized incidence rates per 100,000 person-years. Rates were standardized to the World Standard
Population. Data based on [4]
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21.3.1 Non-modifiable Risk Factors

21.3.1.1 Hereditary Syndromes
Most CRC occurs sporadically, (i.e., without
known hereditary causes). Less than 10 % of
CRC occur due to inherited gene mutations [17],
and these cancers tend to manifest at younger
ages (under age 50). The two most common
subtypes of familial syndromes that predispose
people to CRC are hereditary non-polyposis
colorectal cancer (HNPCC) syndrome and
familial adenomatous polyposis (FAP).

As the most common familial syndrome,
HNPCC syndrome (also known as Lynch syn-
drome) is caused by mutations in DNA mismatch
repair genes that are inherited in an autosomal
dominant fashion [17]. HNPCC syndrome
increases CRC risk by elevating malignant
potential of adenomas (described below); affec-
ted individuals do not have an unusual number of
adenomas but the adenomas they develop are
more likely to progress into CRC. Approxi-
mately half of individuals with HNPCC syn-
drome develop CRC and the mean age at
diagnosis is 44 years [18].

FAP is an autosomal dominant disease caused
by an inherited mutation in the adenomatous
polyposis coli (APC) gene, a tumor suppressor.
APC mutations are hallmarks of early-stage
colorectal carcinogenesis. Unlike HNPCC syn-
drome, individuals with FAP develop hundreds
to thousands of adenomas in their teens or early

adulthood. While fewer than 10 % of adenomas
progress into cancer [19], some adenomas that
occur with FAP inevitably undergo malignant
transformation due to the presence of such a high
number of adenomas. Thus, affected individuals
have an almost 100 % chance of getting CRC by
the age of 40 if not treated via colectomy. Yet,
FAP is a rare disease (about 1 in 10,000 people)
[20] and accounts for less than 1 % of CRC cases
[21].

21.3.1.2 Personal History
of Inflammatory Bowel
Diseases (Particularly,
Ulcerative Colitis)

Ulcerative colitis and Crohn’s disease, the two
most common forms of inflammatory bowel dis-
ease, cause chronic inflammation in all or a part of
the gastrointestinal tract. Chronic inflammation in
the colon triggers compensatory proliferation to
regenerate damaged tissue, which increases
opportunities for mutations to occur [22]. Accu-
mulation of genetic alterations can lead to dysplasia
and subsequently to cancer. Thus, the pathogenesis
of CRC in these patients does not evolve through
adenoma, the classical precursor, but rather through
dysplasia induced by chronic inflammation.
Although CRC risk varies by duration and ana-
tomic extent of the disease, affected individuals,
particularly those with ulcerative colitis, can have
up to a 50 % chance of developing CRC [23] if not
treated, and the mean age at diagnosis is between

Table 21.1 Non-modifiable risk factors for colorectal cancer

Groups Lifetime risk of colorectal
cancer (%)

Contribution to colorectal cancer
cases (%)

Average population in the U.S.a 5 75

High-risk populations

Familial adenomatous polyposis 100 1

Hereditary non-polyposis colorectal cancer
syndrome

50 5

Inflammatory bowel disease 5–50 1

Family history of colorectal cancer 10–15 15–20

Past history of adenomas 10–20 Variable

Note Reference for table [14–16]
aAsymptomatic men and women age 50 years or older with no special risk factors
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age 40 and 50 years [24]. Thus, along with
HNPCC syndrome and FAP, ulcerative colitis
defines the top three subgroups at high risk of
developing CRC.

21.3.1.3 Family History of Colorectal
Cancer

The lifetime risk of CRC is roughly doubled for
individuals with a family history of CRC in a
first-degree relative (parents, siblings, or children).
The risk is even higher if the first-degree relative is
diagnosed young or if more than one first-degree
relative is affected [25, 26]. The increased risk may
be attributable to inherited genes, shared environ-
mental factors, or combinations of the two.
A family history of CRC is found in approximately
15–20 % of CRC patients.

21.3.1.4 Adenomas (Adenomatous
Polyps)

A colorectal polyp is an abnormal growth of
tissue rising from the inner lining of the large
intestine into the lumen. When classified histo-
logically, the most common types include
hyperplastic and adenomatous polyps [27].
Hyperplastic polyps are generally non-cancerous.
Of note, once considered as a subgroup of
hyperplastic polyps, serrated polyps are now
recognized as a distinctive type with malignant
potential (i.e., precancerous).

Adenomatous polyps (adenomas), originating
from the mucus-secreting epithelial cells of the
colorectum, are benign by themselves but harbor
malignant potential. While fewer than 10 % of
adenomas progress to cancers, more than 95 % of
sporadic CRC develop from adenomas [19, 28].
Thus, adenomas represent the classical precursor
lesions of CRC, with the carcinogenic pathway
termed as adenoma-carcinoma sequence. Defined
as advanced adenoma, an adenoma with a large
size (≥1 cm in diameter), a villous component, or
high-grade dysplasia has a particularly high
propensity to develop into cancer [29].

Adenomas are common in Western countries.
About one-third of asymptomatic average risk
individuals of age 50–75 years harbor adenomas
[30]. A significant proportion of people with
initial adenomectomy develops recurrent

adenomas within three years [31]. Although
varying by characteristics of adenomas and sub-
sequent surveillance by colonoscopy, the lifetime
risk of CRC among individuals with a history of
adenomas is estimated to be 10–20 %.

21.3.2 Modifiable Risk/Protective
Factors

21.3.2.1 Risk Factors Associated
with Westernization
(Obesity, Sedentary
Lifestyle, Western
Dietary Pattern)

Invariably high incidence rates of CRC in West-
ernized countries have been incontrovertibly
attributed to environmental factors associated with
Westernization. A number of risk factors have been
identified with relatively high consistency, although
the underlying mechanisms are not fully under-
stood. Initial hypotheses focused on the direct
effects of high-fat and low-fiber intakes on the
colorectal lumen, suggesting that their influences
on fecal contents may drive colorectal carcino-
genesis [32, 33]. However, accumulating evidence
lends support to an alternative hypothesis, which
implicates insulin and insulin-like growth factor 1
(IGF-1) [32]. The observation that risk factors for
hyperinsulinemia are also risk factors for CRC led
to the hypothesis that hyperinsulinemia and a cor-
responding increase in free IGF-1 may be the
underlying mediators linking lifestyle risk factors
associated with Westernization to CRC (Fig. 21.2)
[32]. Insulin and IGF-1 increase proliferation and
decrease apoptosis of colorectal epithelial cells,
thereby promoting colorectal carcinogenesis [33,
34]. This insulin/IGF hypothesis is supported by a
nested case-control study conducted among
non-diabetic people, which observed a lower risk
of CRC among those with lower plasma levels of
both c-peptide (a marker of insulin secretion) and
IGF-1/IGF-1 binding protein ratio [35].

Obesity
Evidence from prospective cohort studies con-
sistently indicates that excess adiposity may
elevate the risk of CRC, with the association
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stronger for colon cancer (CC) than for rectal
cancer (RC) and stronger in men than in women.
The association has been investigated based on
anthropometric measures including body mass
index (BMI), waist circumference (WC) or
waist-to-hip ratio (WHR), and adult weight
change. While correlated with each other, these
measures capture different aspects of adiposity,
with each representing a degree of overall body
fatness, abdominal fatness, and time-integrated
fat accumulation, respectively. Generally, over-
weight or obese men experience a 1.5- to 2-fold
increased risk of CC compared with those in the
normal or low range of BMI. The adverse effect
of excess adiposity is more consistently seen
with WC or WHR across epidemiologic studies,
suggesting particular relevance of abdominal
adiposity to CC risk. For instance, in the Euro-
pean Prospective Investigation Into Cancer and
Nutrition (EPIC) study, a 55 % increased risk of
CC was observed for men with BMI
≥29.4 kg/m2 compared to men with BMI
<23.6 kg/m2, but no significant association was
found in women [36]. In contrast, in an analysis
comparing extreme quintiles of WHR, an
approximately 50 % increased risk of CC was
observed for both men and women [36]. Annual
weight gain (kg/year) during adulthood (from
age 20 to 50) was positively associated with CC,
especially if it resulted in an increase in WC [37].

Substantial evidence points to abdominal fat,
specifically visceral adipose tissue (VAT), as a
principal etiologic factor for CC pathogenesis.
First, an association between excess adiposity and
CC risk is stronger in men than in women [38], and
men have a tendency towards abdominal distribu-
tion of fat [39, 40]. Second, a positive association
of WC or WHR with CC risk remained significant
even after adjustment for BMI, whereas that of
BMI with CC risk became non-significant after
adjustment for WC or WHR [36, 41]. Third, in
studies that used VAT and subcutaneous adipose
tissue (SAT) in the abdominal area as measured by
CT, VAT but not SAT was associated with ade-
nomas, particularly with advanced colorectal ade-
nomas [42–44]. Finally, in a study that
simultaneously included BMI, WC, and VAT in
the same regression model, only VAT was a sta-
tistically significant predictor of adenomas [45].
Taken altogether, VAT may be the underlying
mediator of excess adiposity and colorectal neo-
plasia and thus, the presence of an association
between WC and CC independent of BMI may be
attributable to the better capability of WC to cap-
ture VAT than BMI.

Biological mechanisms explaining the specific
contribution of VAT to CC risk are well-aligned
with the insulin/IGF hypothesis. Compared to
SAT, VAT secrets more pro-inflammatory cytoki-
nes (e.g., interleukin-6, tumor necrosis factor-α)
and less insulin-sensitizing adiponectin [46–48].
Furthermore, VAT more readily effuses free fatty
acids into the circulation and, in response, the liver
and muscle preferentially uptake fatty acids over
glucose, becoming less responsive to insulin [48–
50]. Hence, VAT is more strongly associated with
insulin resistance and consequently, more relevant
to the etiology of CC. In view of this, VAT may be
linked to differential incident rates of colorectal
neoplasia by sex and race. The amount of VAT is
higher in men than in women on average [40, 51].
Asians, who have a tendency towards lower muscle
mass and greater abdominal adiposity, have more
VAT than Caucasians for a given BMI [52].
Consistently, higher incidence rates of colorectal
neoplasia are observed in men than women and in
Asians in the normal range of BMI than Cau-
casians with equivalent BMIs [53].

Fig. 21.2 Proposed mechanism presenting insulin and
IGF-1 as the key mediators linking Western lifestyle and
dietary factors to colorectal cancer risk [33, 78]
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Sedentary Lifestyle
With Westernization, people become highly
sedentary in diverse domains of life including
occupation and recreation. Distinct from physical
inactivity describing the absence of structured
and purposive exercise, sedentary behavior is
characterized by prolonged sitting.

Sedentary lifestyle is emerging as an inde-
pendent risk factor for CRC by initiating quali-
tatively unique cellular and molecular responses
in the skeletal muscle that may be relevant to
colorectal carcinogenesis [54, 55]. To date, the
largest prospective study was conducted in the
NIH-AARP Diet and Health Study cohort in
which sedentary lifestyle was captured by time
spent watching TV. Independent of physical
activity, those with ≥63 h/week of TV viewing
time had an approximately 1.5-fold increased
risk of CC compared with those with
<21 h/week of TV viewing time [56].

Western Dietary Pattern
People eat foods not in isolation but in combi-
nation. Thus, the analysis of dietary patterns that
captures the combined effects of nutrients and
foods as they are consumed in a population has
some advantages over the single nutrient or food
approach in epidemiologic studies [57]. With
regard to CRC, one of the most commonly
identified dietary patterns is an unhealthy Wes-
tern diet characterized by high consumption of
red/processed meats and refined grains [58].
Although studies varied in the inclusion of
high-fat dairy products and French fries in
defining the Western dietary pattern, a deleteri-
ous effect of the Western dietary pattern on CRC
risk has been consistently reported [58]. In a
recent meta-analysis based on 11 observational
studies, the risk of CC, but not RC, increased
with higher accordance with the Western dietary
pattern [59].

High consumption of red/processed meat that
predominately characterizes the Western dietary
pattern may contribute to carcinogenesis not only
through its adverse effects on circulating insulin
concentration [60], but also through heme-iron
[61] and carcinogens (N-nitroso compounds
[62]; heterocyclic amines and polycyclic

aromatic hydrocarbons that are produced when
meats are cooked at high temperatures [63]).

21.3.2.2 Other Risk Factors

Smoking
A wide range of carcinogens in cigarette smoke
can readily reach the colorectal mucosa through
the circulatory system or direct ingestion,
inducing genetic mutations or epigenetic alter-
ations [64]. Long-term heavy smoking, chiefly
initiated at an early age, is a strong risk factor for
CRC, particularly for RC. According to a recent
dose–response meta-analysis, CRC risk
decreased by 4 % for each 10-year delay in
smoking initiation, but increased by 20 % for
each 40-year increase in smoking duration [65].
Of note, a positive association between smoking
and CRC risk was not supported by earlier
studies conducted soon after the smoking epi-
demic (around the 1920s for men and the late
1940s for women), but was demonstrated in later
studies that allowed for 35–40 years of an
induction period between the booming of
smoking and CRC diagnosis [64, 66–68]. Thus,
smoking appears to act predominantly at an early
stage of carcinogenesis.

The mutagenic effect of tobacco smoke has
been generally considered irreversible, as most
studies have shown that past smokers carry a
persistently higher risk than non-smokers [66].
However, recent epidemiologic studies on dura-
tion of smoking cessation and CRC risk have
suggested reversibility of the effect. For instance,
in a large cohort study conducted in the U.S.,
CRC risk among past smokers reversed to life-
long non-smoker level after at least 31 years of
cessation [69]. A more recent study accounting
for molecular heterogeneity of CRC observed
that the benefit of smoking cessation was limited
to CpG island methylator pathway (CIMP)-high
CRC, a distinct molecular phenotype of CRC
characterized by selected cancer-related genes
hypermethylated at CpG islands (promoter
regions of genes rich in a linear sequence of a
cytosine nucleotide and a guanine nucleotide that
are linked via phosphate) [70, 71]. Thus, smok-
ing may also act at a relatively late stage of
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carcinogenesis related to DNA methylation
pathways leading to CIMP-high CRC.

Heavy Alcohol Intake
Heavy alcohol intake is a fairly consistent risk factor
for CRC. In a pooled analysis of eight large
prospective studies that included 4687 CRC cases
among nearly 500,000 participants, individuals who
consumed ≥45 g/day of alcohol (i.e., ethanol con-
tent in 3 drinks/day in the U.S.) had a 42 % ele-
vated risk of CRC relative to non-drinkers,
irrespective of types of alcoholic drinks [72]. In
general, the association is stronger among men than
among women, probably due to a higher range of
alcohol intake in men, although a true gender dif-
ference cannot be excluded. Consistent with the
well-known biological interaction between alcohol
and folate (i.e., alcohol antagonizes the effect of
folate by impairing the intestinal absorption of folate
or by suppressing intracellular folate metabolism)
[73], alcohol intake was noticeably harmful when
folate status was poor, especially among men [74].

The adverse effect of alcohol on CRC risk
may be chiefly mediated by the first metabolite of
ethanol [75, 76], acetaldehyde, which is classi-
fied as a carcinogen. Absorbed alcohol is rapidly
distributed to the body through the bloodstream,
reaching colonocytes. Intestinal microflora with
alcohol dehydrogenase (ADH) activity oxidizes
the supplied ethanol to acetaldehyde, thereby
serving as a major determinant of acetaldehyde
concentration in colonocytes [75–77]. As
colonocytes lack the ability to detoxify
acetaldehyde, the accumulated acetaldehyde in
these cells may induce colorectal carcinogenesis
by causing DNA damage, promoting excessive
growth of the colonic mucosa [75, 76], or
antagonizing the protective effect of folate par-
ticularly by directly destructing intracellular
folate [74]. The central contribution of acetalde-
hyde to colorectal carcinogenesis is also sup-
ported by the findings that the positive
association between alcohol intake and CRC risk
is pronounced among people carrying genetic
polymorphisms leading to acetaldehyde accu-
mulations (e.g., ADH1C alleles encoding ADH
enzymes with high activity [i.e., quick

conversion of ethanol to acetaldehyde] or
ALDH2 alleles encoding ALDH enzymes with
low activity [i.e., slow elimination of acetalde-
hyde]) [75].

21.3.2.3 Protective Factors

Physical Activity
Physical activity is a well-accepted protective fac-
tor, particularly against CC. The investigation of
physical activity in relation to CRC has been hin-
dered to some extent due to difficulties measuring
activity accurately as well as a narrow range of
physical activity in many study populations. These
factors have likely generated heterogeneity in the
magnitude and statistical significance of epidemi-
ologic findings. Nevertheless an inverse association
with CRC was consistently observed across sex,
study designs, countries, domains of physical
activity (e.g., occupational, recreational, house-
hold), and stage of carcinogenesis (i.e., adenomas,
cancer) [79, 80].

Physical activity has diverse dimensions
including intensity, duration, and frequency. The
total Metabolic Equivalent Task (MET)-
hours/week, a composite score incorporating all
of the aforementioned dimensions of total
weekly physical activity, is the most compre-
hensive measure of physical activity. In large
cohort studies of men (the Health Professionals
Follow-up Study) and women (the Nurses’
Health Study) that used validated questionnaires
to assess leisure-time physical activity, a higher
MET-hours/week was associated with a sub-
stantially reduced risk of CC after accounting for
BMI and other important risk factors [81, 82].
Given that walking was the most common type
of leisure-time physical activity in these cohorts,
people may have accumulated most of their
MET-hours/week through walking. Thus, these
findings suggest that activities of moderate
intensity such as brisk walking may be sufficient
to reduce CC risk. Yet several lines of evidence
indicate that a greater intensity of physical
activity may provide additional benefit [83, 84].

The beneficial effect of physical activity on
CC risk may be mediated through the insulin/IGF
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pathway as well as through other mechanisms.
Physical activity lowers circulating insulin levels
directly by increasing insulin sensitivity [85] and
indirectly by decreasing abdominal fatness (par-
ticularly VAT). Evidence supporting the direct
effect not mediated through adiposity comes
from some, but not all biomarker studies, which
showed a significant inverse relationship, par-
ticularly among men, between physical activity
and circulating C-peptide, insulin, or leptin con-
centrations adjusting for measures of adiposity
[86, 87]. With regard to the indirect effect, VAT,
which is more lipolytic than SAT, is preferen-
tially lost in response to physical activity [48,
88–90]. Controlled trials have demonstrated that
moderate-intensity physical activities reduce
VAT [88, 89], with vigorous activities inducing
greater VAT loss [91], and a significant reduction
in VAT occurs even in the absence of weight loss
[88, 89]. Other proposed mechanisms whereby
physical activity lowers CC risk include reducing
chronic inflammation, improving immune func-
tion, and decreasing colonic exposure to car-
cinogens by increasing colonic motility [92, 93].

Fiber
A possible beneficial role of dietary fiber intake
in the prevention of CRC was first hypothesized
by Burkitt in the late 1960s upon observing a low
incidence of CRC in southern Africa, where
dietary fiber intake was high [94]. Several
mechanistic explanations have been proposed to
support the potential association. Insoluble fibers
may reduce CRC risk by increasing stool bulk,
shortening stool transit time, and decreasing
exposure of the colorectal mucosa to potential
carcinogens [95]. Soluble fibers, which can be
fermented by the anaerobic intestinal microbiota
into short-chain fatty acids (e.g., acetate, propi-
onate, and butyrate), may protect against CRC by
reducing colorectal pH or through butyrate,
which inhibits proliferation and induces apopto-
sis of CRC cells [95, 96].

Observational studies overall suggest an
inverse association, with a recent dose–response
meta-analysis of prospective studies estimating
an approximately 10 % reduced risk of CRC for
a 10 g/day increased intake of total fiber,

particularly cereal fiber intake [97]. However,
some cohort studies that adjusted for physical
activity and dietary intake of folate and calcium
did not observe an association [98–101]. No
appreciable protective association was observed
in most randomized trials of fiber supplements
and risk of adenoma [102]. Yet, at present, we
cannot entirely dismiss a potential protective role
of fiber intake against CRC, because its efficacy
may be limited to specific types (insoluble, sol-
uble) or food sources (fruits, vegetables, and
cereal fibers) and may vary depending on
intestinal microflora profiles [96, 102]. Addi-
tionally, in modern diets in which refined food is
a dominant component, the amount and quality
of fiber is much lower than in traditional diets.

Micronutrients: Folate, Calcium, Vitamin D

Folate (Vitamin B9)
For decades, folate has been proposed to protect
against CRC due to its critical roles in maintaining
the integrity of DNA synthesis and regulating DNA
methylation that controls proto-oncogene expres-
sion. In contrast, in recent years, a role in facili-
tating the progression of preneoplastic lesions has
been suggested [103–106].

Particularly required to observe a benefit of
folate on CRC risk is a long induction period,
which is evident from both molecular mecha-
nistic perspectives and epidemiologic studies.
For example, in colonocytes, total folate con-
centration significantly decreases from the nor-
mal tissue without adenoma, to the normal tissue
adjacent to adenoma, and to the adenoma itself
[107]. The lower folate level in the normal
appearing, non-neoplastic tissue corresponds to
an increase in uracil misincorporation into DNA
and DNA hypomethylation [107], which sug-
gests the presence of a field defect surrounding
adenomas. As the progression from precursor
lesions to cancer diagnosis generally takes at
least 10 years [108], macroscopically unde-
tectable abnormalities due to folate deficiency
would occur at least a decade before CRC is
apparent. In a pooled analysis of 13 prospective
studies with follow-up periods ranging from 7 to
20 years, total folate intake of ≥560 mcg/day
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relative to <240 mcg/day was significantly
associated with a 13 % lower risk of CC [109].
In a cohort study that directly tested several
potential induction periods between folate intake
and CRC risk, a significant inverse association
emerged only after a lag period of at least 12–
16 years [110]. In view of this finding, random-
ized placebo-controlled trials (RCTs) of folic
acid supplementations, if having a short
follow-up period, are unlikely to observe a ben-
efit on CRC. On the contrary, for the outcome of
initial adenomas, a benefit was observed after 3
years of intervention in a recent RCT in China
[111].

Regarding the potential adverse effect of
excess folic acid on lesions at late stages of
colorectal carcinogenesis, a recent meta-analysis
of 13 RCTs provided rebutting evidence that
folic acid supplementations at considerably high
doses (500–40,000 mcg/day) did not substan-
tially increase the risk of CRC during the first
5 years of intervention compared to placebos
(Relative Risk (RR) 1.07, 95 % CI 0.83–1.37)
[112]. In RCTs, most of the cancers diagnosed in
the first 5 years are likely to originate from
covert advanced adenomas or latent cancers.
Thus, if folic acid supplementation were to pro-
mote the progression of such existing neoplasms,
a significantly increased risk of CRC should have
been observed in the supplement arms, which
was not the case. Even in the subgroup analysis
restricted to three trials conducted among par-
ticipants with a prior history of adenomas and
thus at high risk for CRC, no evidence of a
positive association was apparent (RR 0.76,
95 % CI 0.32–1.80) [112].

Calcium
There is strong mechanistic evidence that cal-
cium may decrease the risk of colorectal neo-
plasia. Experimental studies in animals and
humans suggest that calcium may bind secondary
bile acids or ionized fatty acids in the colorectal
lumen, diminishing their carcinogenic effects on
the colorectal mucosa [113, 114]. Alternatively,
evidence from in vivo and in vitro human colonic
epithelial cells suggests that calcium may reduce
cell proliferation and promote cell differentiation

by modulating cell signaling pathways [115,
116]. Calcium supplementation of 2000 mg/day
was demonstrated to induce favorable changes
on gene expression in the APC/β-catenin path-
way in the normal-appearing mucosa of col-
orectal adenoma patients [117]. Perturbation of
this pathway is a common early event in col-
orectal carcinogenesis.

RCTs also provide strong evidence supporting
the chemopreventive potential of calcium against
adenomas. In a meta-analysis of RCTs, those
assigned to take 1200–2000 mg of calcium sup-
plements without co-administered vitamin D
over 3–4 years had an approximately 20 %
reduced risk of adenoma recurrence compared to
those assigned to the placebo group [118]. In the
Calcium Polyp Prevention Study, the largest
RCT (930 participants) included in the
meta-analysis, 1200 mg/day supplementation of
calcium carbonate over 4 years was most pro-
tective against histologically advanced neo-
plasms, suggesting its benefit may extend to
cancer outcome as well [119].

Contrary to expectation, a meta-analysis of
eight RCTs on CRC outcome showed no benefit
of calcium supplementation over 4 years [120].
These inconsistent results by adenoma versus
cancer outcome may be potentially explained by
the presence of a long induction period between
adequate calcium intake and CRC diagnosis.
Given that the prevention or removal of an ade-
noma leads to the prevention of CRC and that the
progression from adenoma to CRC spans at least
10 years, a longer follow-up would be required
for the observed benefit of calcium against ade-
noma outcome [118] to extend to cancer out-
come. Consistent with this hypothesis, a pooled
analysis of 10 cohort studies [121] whose
follow-up periods ranged between 6 and
16 years showed a significant inverse association
between total calcium intake and CRC [121].

While the potential of calcium as a chemo-
preventive agent against CRC appears promising,
the optimal dose remains to be identified. More
specifically, a pooled analysis indicated no
additional benefit at a total calcium intake
beyond 1000 mg/day [121], whereas a recent
dose–response meta-analysis of prospective

21 Epidemiology of Colorectal Cancer 399



observational studies suggested that CRC risk
may continue to decrease beyond 1000 mg/day
[122].

Vitamin D Status
Observational studies provide consistent evi-
dence indicating an etiologic role of a poor
vitamin D status in CRC development and, par-
ticularly, in CRC progression [123]. The poten-
tial anti-carcinogenic effect of vitamin D was first
proposed by Garland and Garland in 1980, upon
noticing that CC mortality rates in the U.S. were
generally higher in the northern regions that have
lower exposure to solar ultraviolet B (UV-B)
radiation, which is required to synthesize vitamin
D in the skin [124]. The hypothesis is further
corroborated by molecular studies showing that
vitamin D, beyond its conventional role in cal-
cium and phosphorus homeostasis, influences
cellular signaling pathways leading to an inhibi-
tion of proliferation and angiogenesis and an
activation of apoptosis [125].

In epidemiologic studies, the hypothesis has
been investigated using a variety of surrogate
measures of vitamin D status such as UV-B
radiation exposure, dietary and supplementary
vitamin D intake, and predicted or measured
levels of circulating 25(OH)vitamin D (25(OH)
D), which is considered the best biochemical
indicator of vitamin D status. Regardless of the
measures used, results have been generally con-
sistent across studies [123, 126]. For example, in
the largest available study on circulating 25(OH)
D and CRC endpoints, the previously mentioned
EPIC study, prediagnostic 25(OH)D concentra-
tion in the highest quintile was associated with an
approximately 40 % reduced risk of developing
CRC [127] and a 31 % improved survival of
patients with CRC [128] compared with the level
in the lowest quintile.

The optimal levels of 25(OH)D to reduce
CRC incidence and mortality are not yet estab-
lished, but available studies suggest the range of
30–40 ng/mL [123]. This range is consistent
with the clinical practice guidelines on vitamin D
deficiency by the Endocrine Society, which rec-
ommends a minimum level of 30 ng/mL but 40–
60 ng/mL to guarantee sufficiency [129].

The potential of vitamin D supplements as a
chemopreventive agent against CRC endpoints
(e.g., incidence and mortality) is best assessed
with an RCT. Yet, published RCTs on vitamin D
are inadequate to evaluate its chemopreventive
potential due to the low doses of vitamin D
supplements tested, the short durations of
follow-up that might not account for a potentially
long induction period between an adequate
vitamin D status and CRC occurrence, sufficient
vitamin D status of participants at baseline who
may not gain benefit from additional supple-
ments, and/or the interaction with other testing
agents such as hormone replacement therapy that
may mask the benefit from vitamin D supple-
ments. There are ongoing RCTs on vitamin D
that will provide important information in the
future.

NSAIDs Including Aspirin
There is definitive evidence from both cohort
studies and RCTs that long-term, regular use of
non-steroidal anti-inflammatory drugs (NSAIDs),
particularly aspirin, lowers the risk of CRC [130–
132]. One of the largest RCTs of aspirin, the
Women’s Health Study (WHS), demonstrated
that even a low dose of aspirin (100 mg) on
alternate days could confer protection against
CRC [130]. Of note, the benefit was evident only
after a decade of follow-up. In the WHS, at the
end of the 10-year active intervention, CRC
incidence was not different across the interven-
tion and placebo groups [133]. However, upon
extended post-trial follow-up leading to a median
cumulative follow-up of 18 years, a 10 %
reduced risk of CRC was observed in the aspirin
group [130]. The long latency indicates that
aspirin may operate at the early stages of col-
orectal carcinogenesis but may be no longer
effective at a stage in adenoma progression.
Indeed, aspirin reduced the risk of colorectal
adenoma [134].

NSAIDs, including aspirin, may affect col-
orectal carcinogenesis by inhibiting the
prostaglandin-endoperoxide synthase 2 (PTGS2
or COX2) pathway, a pro-inflammatory pathway
whose downstream signaling promotes cell pro-
liferation, inhibits apoptosis, and stimulates
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angiogenesis [135, 136]. Indeed, in a large cohort
of men and women, the benefit of regular aspirin
use was limited to a molecular subtype of CRC
that overexpresses COX-2 [137]. Thus, strong
evidence that NSAIDs as well as inflammatory
bowel disease (particularly ulcerative colitis) are
implicated in colorectal carcinogenesis presents
chronic inflammation as an important pathogenic
pathway of CRC. Although aspirin is proven to
protect against CRC, long-term use in average
risk populations is not generally recommended
currently due to the potential adverse effects,
mainly bleeding episodes in the upper gastroin-
testinal tract particularly.

Estrogens and/or Progestogen (Natural or
Bioidentical Progesterone + Synthetic
Progestin)
While the observation of higher CRC incidence
rates among men than women raised a possibility
that estrogen and/or progesterone may confer
protection against CRC, evidence remains
inconclusive.

The Women’s Health Initiative (WHI) hormone
therapy trial, the first large RCT on post-
menopausal hormone treatment, provides some
evidence supporting a protective role of exogenous
female sex hormones when estrogen and progestin
are administered together. During the intervention
phase, postmenopausal women assigned to estro-
gen plus progestin had a 38 % reduced risk of
CRC, whereas those assigned to estrogen-alone did
not receive any benefit [138]. However, over an
extended post-intervention follow-up (a median
cumulative follow-up of 13 years), the magnitude
of protection conferred by the estrogen plus pro-
gestin treatment diminished with borderline statis-
tical significance and the estrogen-alone treatment
continued to show no benefit [138]. In a recent
meta-analysis that pooled the results across
case-control studies, cohort studies and RCTs, the
combined estrogen-progestogen therapy was asso-
ciated with a reduced risk of CRC regardless of the
recency of the therapy but, for estrogen-alone
therapy, only current use was associated with a
reduced risk [139].

Evidence regarding endogenous estrogen
among postmenopausal women is even more

inconsistent. The WHI Observational Study was
the first to examine the relationship between
circulating endogenous estradiol levels and inci-
dent CRC and, contrary to the expectation, found
an adverse association [140]. A subsequent study
also suggested an increased risk of CRC associ-
ated with higher circulating estrone levels [141].
Yet, in another nested case-control study, the
ratio of estradiol to testosterone (a marker of
estradiol production by aromatase) was inversely
associated with CRC risk even after adjusting for
BMI and C-peptide in postmenopausal women
not on hormone therapy [142]. Interestingly,
when stratified by BMI, the inverse association
was limited to women with a normal weight.

The apparent heterogeneous findings between
exogenous and endogenous hormones may be
biologically plausible. First, oral administration of
exogenous estrogens in a large bolus was shown to
decrease hepatic production of insulin and IGF-1,
thereby mitigating their cancer-promoting effects
[140, 143]. Second, considering that circulating
progesterone levels are low among postmenopausal
women, a possible protective role of exogenous
progestin in colorectal carcinogenesis cannot be
discounted [144].

Screening
CRC incidence rates in the U.S. have been
declining over the past two decades and about
half the declines have been ascribed to increased
screening practices [145].

Screening confers benefits on both incidence
and mortality: the detection and removal of pre-
cancerous adenomas lead to the secondary pre-
vention of CRC, and an early detection of
asymptomatic CRC improves prognosis. In a
landmark randomized trial that evaluated the
effect of sigmoidoscopy compared to the usual
care group, incidence rates of CRC remained
lower in the screening group after an initial
temporary rise in the rates due to an increased
detection of prevalent cancers [146]. Of note,
since CC develops most frequently in the sig-
moid colon (around 25 %) and cecum (around
20 %) [147], colonoscopy that examines the
entire colon and rectum is preferred over sig-
moidoscopy that screens only the sigmoid colon
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and rectum. However, evidence suggests that
colonoscopy may not be as effective in detecting
proximal lesions as detecting distal lesions,
possibly due to inherent biologic differences or
greater difficulty in visualizing the proximal
colon, especially the cecum [148].

Screening for CRC is strongly encouraged by
major societies of medical professionals includ-
ing the American Cancer Society and the U.S.
Preventive Services Task Force. According to the
American Cancer Society, individuals at average
risk for CRC are recommended to undergo one of
the following screening test beginning at age 50:
colonoscopy every 10 years, sigmoidoscopy
every 5 years, CT colonography every 5 years,
or barium enema every 5 years, with the last
three requiring colonoscopy when the test results
are positive. Individuals at higher risk for CRC
(e.g., a personal history of CRC, adenomas, or
inflammatory bowel disease and a family history
of CRC, adenomas, and hereditary syndromes)
are recommended to begin screening before age
50 and/or be screened more frequently [149].

21.4 Summary

CRC is a major cause of cancer incidence and
mortality, and its burden is expected to rise with
increasing Westernization of countries. Now
there are a number of well-established risk fac-
tors for CRC, most of which are modifiable.
Moreover, CRC screening is associated with
reduced CRC incidence and mortality. As such,
much of the burden of this common cancer could
be eliminated with changes in lifestyle and
screening patterns.
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22Pathology and Molecular Pathology
of Colorectal Cancer

Emily Jean Poulin, Jeanne Shen, Jessica J. Gierut
and Kevin M. Haigis

22.1 Introduction

The preceding chapter discussed the epidemiol-
ogy of colorectal cancer (CRC), as well as the
utility of established and emerging molecular
markers for the diagnosis, prognosis, and pre-
diction of response to treatment of CRC. This
chapter begins with a basic introduction to the
embryology, anatomy, and histology of the colon
and rectum, followed by an overview of the
various premalignant colorectal lesions and their
molecular pathologic correlates. We will then
cover the histopathology of CRC, focusing on
those routinely assessed features with established
prognostic or predictive value. The remainder of
the chapter will be devoted to the genetics and
molecular pathology of the disease. For most of
the twentieth and early twenty-first centuries,

CRC was diagnosed, staged, and treated as a
single pathologic entity, but recent advances in
our understanding of its molecular pathogenesis
suggest that “colorectal cancer” might better be
thought of as a heterogeneous collection of pri-
mary epithelial malignancies, each arising via
distinct (although sometimes partially overlap-
ping) pathways of tumorigenesis, many of which
are associated with specific precursor lesions and
clinicopathologic phenotypes.

22.2 Embryology
and Development
of the Colon
and Rectum

The primary function of the colon is to absorb
water and electrolytes, while that of the rectum is
to provide a repository for stool. The large surface
area of the colon and rectum also provides an
interface for interactions between the innate and
adaptive immune systems and the “outside
world” represented by the luminal contents. The
colon and rectum are derived from all three
embryonic germ layers: the endoderm gives rise
to the epithelial lining, the mesoderm gives rise to
the muscle layers and connective tissue, and the
ectoderm gives rise to the enteric nervous system.
During the first month of embryogenesis, the
three germ layers are formed, and, by the fourth
week, the trilaminar germ disc has formed an
elongated tube consisting of the foregut, midgut,
and hindgut [1, 2]. These segments are defined by
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their blood supply, which comes from the celiac,
superior mesenteric, and inferior mesenteric
arteries, respectively. The proximal part of the
colon is therefore derived from the midgut,
whereas the remainder of the colon and the rec-
tum are derived from the hindgut. The formation
and proliferation of the crypts that line the lumi-
nal surface of the colon and rectum appear to
involve Wnt and Bone Morphogenetic Protein
(BMP) signaling pathways, while crypt epithelial
differentiation involves the Notch pathway [3].

The pathways that cooperate to promote
colonic development are now being exploited to
generate experimentally tractable in vitro sys-
tems. Intestine-like tissue can be generated from
human embryonic stem (ES) and induced
pluripotent stem (iPS) cells following differenti-
ation into definitive endoderm and treatment with
Wnt3A and FGF4 [4, 5]. This method results in
hindgut differentiation and morphogenesis into
gut spheroids, which resemble the embryonic gut.

When placed in a specialized 3D culture system,
spheroids mature and form organoids, structures
composed of crypt and villus-like units that
contain all of the differentiated intestinal cell
types. Organoids can also be generated from
multiple primary tissue types, including isolated
crypts from human and mouse intestinal tissue, as
well as from purified intestinal stem cells [6, 7].

22.3 Anatomy of the Colon
and Rectum

The average lengths of the colon and rectum in
the normal adult are 80–110 cm and 10–15 cm,
respectively [8, 9]. The colon begins at the
ileocecal valve and, proximally to distally, is
comprised of the following segments: the cecum,
ascending, transverse, descending, and sigmoid
colon (Fig. 22.1). The transitions from the
ascending to transverse, and from the transverse

Intraperitoneal
Partly retroperitoneal
Completely retroperitoneal

Aorta
Portal vein

Superior mesenteric vein

Superior mesenteric artery

Inferior mesenteric artery

Inferior mesenteric vein

Greater omentum (cut)

Inferior vena cava

Ileocecal valve

Cecum

Ileum

Rectum

Taenia coli

Appendix

Transverse colon

Ascending colon

Descending colon

Sigmoid colon

Fig. 22.1 Anatomy of the colon and rectum with segments labeled. Peritonealized and non-peritonealized segments
are shaded different colors

410 E.J. Poulin et al.



to descending colon, occur at the hepatic and
splenic flexures, respectively. The appendix
arises from the cecum, below the level of the
ileocecal valve. Three bands of muscle (the tae-
nia coli) run longitudinally along the entire outer
surface of the colon, converging to form a cir-
cumferential muscular coat at the junction of the
sigmoid colon and rectum. The rectum extends
distally to the dentate line, which marks the
anatomic junction between the rectum and anus.
The cecum, ascending, and proximal two-thirds
of the transverse colon are collectively referred to
as the right colon, while the distal one-third of
the transverse colon through the sigmoid are
referred to as the left colon, reflecting their
respective embryologic derivations from the
midgut and hindgut.

The transverse colon is suspended from a sheet
of peritonealized fat, the lesser omentum, which
originates along the greater curvature of the
stomach. Hanging from the surface of the trans-
verse colon is a second larger sheet of peritoneal-
ized fat, the greater omentum. When staging and
assessing the adequacy of resection of CRC (par-
ticularly the status of the radial resection margin),
it is important to know which anatomic segments
are involved by tumor and whether a peritoneal
lining covers these segments. The cecum is
entirely peritonealized, while the ascending colon,
hepatic and splenic flexures, and descending colon
are only covered by peritoneum along their
anterolateral surfaces. The transverse and sigmoid
colon are almost completely surrounded by peri-
toneum, except at their mesenteric attachments.
The upper two-thirds of the rectum is covered
laterally and/or anteriorly by peritoneum, whereas
the lower third is below the peritoneal reflection
and therefore has no peritoneal covering.

The blood supply to the cecum, ascending,
and proximal transverse colon comes from
branches of the superior mesenteric artery, while
branches of the inferior mesenteric artery supply
the remainder of the colon and the proximal
rectum (Fig. 22.1). The distal rectum is supplied
by the internal iliac and pudendal arteries [8].
Venous drainage of the colon and rectum is to
the portal vein via the superior and inferior
mesenteric veins. Lymph nodes are located

within the pericolorectal connective tissue, as
well as along the branches of the mesenteric
vessels. From here, lymphatic drainage con-
verges on major nodal groups around the roots of
the superior and inferior mesenteric arteries,
ultimately emptying into the thoracic duct. The
lymphatic drainage of the distal rectum is to the
hypogastric, obturator, and internal iliac nodes
via the paraaortic nodes [8].

22.4 Histology of the Benign Colon
and Rectum

Figure 22.2 illustrates the layers of the colorec-
tum, which, from inner (luminal) to outer sur-
face, are the (1) mucosa, composed of the
epithelium, lamina propria, and muscularis
mucosae, (2) submucosa, (3) muscularis propria,
with inner circular and outer longitudinal muscle
layers, (4) pericolorectal adipose tissue or sub-
serosa (subserosa being present in the peri-
tonealized segments of colon and rectum, and
(5) serosa, the outermost peritonealized wrapping
of the intestine (where present). The luminal
surface of the large intestine is lined by straight,
nonbranching crypts oriented parallel to one
another and perpendicular to the lumen, like test
tubes in a rack. The epithelial cells lining these
crypts are of two main types (Fig. 22.3a):
(1) absorptive enterocytes, which are tall,
columnar cells with basally oriented, ovoid to
elongated nuclei, pale eosinophilic cytoplasmic
mucin, and an apical microvillus brush border,
and (2) mucus secreting goblet cells, so named
because they resemble drinking goblets in shape,
which are interspersed between the absorptive
enterocytes and contain small, basally oriented
nuclei and cytoplasm distended by pale baso-
philic acid mucin, which stains positive by
Alcian blue at pH 2.5 (in contrast to the neutral
mucin present in absorptive enterocytes, which is
negative with Alcian blue and stains magenta on
a periodic acid Schiff stain). The mucus secreted
by goblet cells forms a protective layer against
luminal pathogens.

Another cell type normally present within the
epithelium, and found at the crypt base, is the
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endocrine cell, of which there are two morphologic
types: (1) the enterochromaffin cell (Fig. 22.3b),
which secretes serotonin and is easily identified on
hematoxylin and eosin (H&E) stained sections as
having a pyramidal or spindled shape, a luminally
oriented nucleus, and basally oriented, reddish-
orange granules, and (2) the non-enterochromaffin

endocrine cell, which is not easily identified on
H&E stained sections, and has a basally located
nucleus and inconspicuous, apically oriented
granules. Endocrine cells secrete various peptides
that include somatostatin, cholecystokinin, motilin,
secretin, vasoactive intestinal polypeptide (VIP),
substance P, glucagon, neurotensin, and gastric

Fig. 22.2 Histology of the colon. a Cross section of
intestinal wall illustrating the different histologic layers.
Tissue is stained with hematoxylin and eosin (H&E). b–

g Histologic layers of the colon. In each panel, a single
histologic portion is highlighted in color
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inhibitory polypeptide, among others, with differ-
ences in the distributions of these cell types
depending on location in the colon and rectum [8].

Also present within the bases of the crypts are
Paneth cells (Fig. 22.3c), characterized by lumi-
nally oriented eosinophilic granules that contain
antimicrobial proteins (defensins). Paneth cells
play an important role in the innate and adaptive
immune responses against luminal bacteria, and
express two main types of innate pattern recog-
nition receptors: the transmembrane toll-like
receptors (TLRs) and the cytosolic nucleotide-
binding oligomerization domain-2 (NOD2)
receptors, both of which recognize highly con-
served pathogen-associated molecular patterns
(PAMPs) [10]. Paneth cells are normally found
in the right colon, but may be seen in the left
colon in the setting of chronic inflammation and
injury. In humans, defects in Paneth cells have
been linked to diseases such as neonatal necro-
tizing enterocolitis and inflammatory bowel dis-
ease [11, 12].

The last differentiated cell type characteristi-
cally lining the colorectum is the microfold (or

M) cell, which is often found above mucosal
lymphoid aggregates and functions to transport
luminal antigens into the underlying lymphoid
aggregate for recognition by the immune system
[13, 14].

Colonic stem cells, morphologically distinc-
tive cells in the crypt base (often called crypt
base columnar cells or CBCs), can be identified
by expression of LGR5/GPR49, a G protein-
coupled receptor that binds the Wnt agonist
R-spondin and potentiates Wnt signaling [15–
18]. Each stem cell divides to yield a daughter
stem cell and a committed progenitor cell,
sometimes referred to as a transit amplifying cell
(TAC) due to its rapid proliferation rate. These
TACs can be identified by their incorporation of
bromodeoxyuridine (BrdU) or tritiated thymi-
dine, or by Ki-67 immunostaining. They are
located along the sides of the crypts, immediately
above the Paneth cells. As these cells proliferate
and mature, they migrate upward along the crypt
wall, eventually reaching the surface, where they
differentiate into absorptive enterocytes, goblet
cells, endocrine cells, and M cells. Some of these

Fig. 22.3 Cell types of the normal colorectum. a H&E
stain of normal colon. A mitotic figure is highlighted by a
black arrow. The blue asterisk is in the lamina propria.
b High magnification view of the bottom of the colonic
crypt. A Paneth cell is highlighted with a white arrow.
c Immunofluorescence for lysozyme (purple), a marker of
Paneth cells. The Paneth cell is highlighted with a white
arrow. d High magnification view of the top of the

colonic crypt. A goblet cell is highlighted with a yellow
arrow. Enterocytes (black arrow) and enteroendocrine
cells (gray arrow) are also highlighted. e Immunofluores-
cence for mucin 2 (red), a marker of goblet cells and
serotonin (green), a marker for some enteroendocrine
cells. The goblet cell is highlighted with a yellow arrow.
The enteroendocrine cell is highlighted with a gray arrow
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cells also migrate downward toward the crypt
base to become Paneth cells.

Each colorectal crypt is surrounded by a
basement membrane, to which the epithelial cells
are anchored. The lamina propria is a supportive
connective tissue stroma in between the indi-
vidual crypts, which contains capillaries, small
nerves, lymphatics (mainly within the deepest
part of the lamina propria), and an inflammatory
infiltrate containing plasma cells, histiocytes,
lymphocytes, eosinophils, mast cells, and the rare
neutrophil. The muscularis mucosae forms the
deepest extent of the mucosa. Mucosal lymphoid
aggregates are normally present within the lam-
ina propria, sometimes extending through the
muscularis mucosae and into the submucosa.

The submucosa contains loose connective
tissue, blood vessels, lymphatics, nerves, and the
ganglion cells of the submucosal (Meissner’s and
Henle’s) plexuses. Beneath this is the muscularis
propria, which contains an inner circular layer
and outer longitudinal layer, between which is
located the myenteric (Auerbach’s) plexus. The
taenia coli are actually localized thickenings of
this outer longitudinal muscle layer. External to
the muscularis propria is pericolorectal connec-
tive tissue containing blood vessels, nerves, and a
variable amount of fat. In segments of the col-
orectum that are covered by peritoneum, this
layer is referred to as the subserosa, and the
outermost layer, the serosa, is characterized by a
single layer of mesothelial cells that forms the
smooth outer surface of the intestine.

22.5 Premalignant Lesions
of the Colon and Rectum

The earliest potential precursor to colorectal neo-
plasia is the aberrant crypt focus (ACF), a discrete
focus of one or more crypts distinguishable from
the surrounding normal crypts by a larger than
normal crypt diameter and increased numbers
of lining epithelial cells [19, 20]. ACF are invisible
to the unaided eye, but may be seen under a dis-
secting microscope after methylene blue staining

(Fig. 22.4), or by chromoendoscopy based on their
unique pit patterns [21]. Multiple types of ACF
exist, including non-dysplastic hyperplastic ACF
and dysplastic ACF, although it is controversial
whether all ACF progress to adenoma [22–24].

The universally accepted precursor to carcinoma
is dysplasia, which is formally defined as
unequivocally neoplastic epithelium that is con-
fined to the basement membrane [26]. This is in
contrast to carcinoma, which represents spread of
neoplastic cells beyond the basement membrane
into the surrounding lamina propria (intramucosal
adenocarcinoma) or beyond. Dysplasia may be
grossly or endoscopically visible, or only seen on
microscopic evaluation. Visible dysplasia may take
on many different appearances, from polypoid
lesions to ill-defined carpet-like patches, and is
classified according to the Paris classification [27].
Microscopically, dysplasia is classified into
several morphologic subtypes, including conven-
tional (intestinal type), serrated, and villous/
hypermucinous or gastric type [26]. Dysplasia
may arise sporadically, or as a consequence of
chronic inflammation, such as that seen in inflam-
matory bowel disease (IBD). The standardized
classification used for microscopic evaluation of
dysplasia (both sporadic and IBD-associated) in the
United States is the Dysplasia Morphology Study
Group [28], whereas the Vienna classification is
used in Asia and most of Europe [29].

Fig. 22.4 Wholemount methylene blue staining of an
aberrant crypt focus from a mouse. From Velho and
Haigis [25]
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22.5.1 Adenomas

The most common type of dysplastic lesion is the
adenoma, which often takes the gross appearance
of a sessile or pedunculated polyp. However,
non-polypoid flat or depressed adenomas can
also occur. An estimated 12 % of individuals
undergoing screening colonoscopy in the United
States will develop adenomas by age 50, with the
prevalence increasing up to 50 % beyond age 50
[30]. Adenomas are the classical precursor in the
chromosomal instability (CIN) pathway of col-
orectal carcinogenesis described by Vogelstein
and Fearon (see section on Molecular Pathology
for details), and it is well established that

endoscopic removal of these lesions reduces the
risk of subsequent colorectal carcinoma [31, 32].

The morphologic subtype of dysplasia seen in
adenomas is often referred to as “conventional”
or intestinal type dysplasia, which may be low or
high grade (Fig. 22.5). In low-grade dysplasia,
the tubular architecture of the crypts is generally
maintained, but the epithelial cells have enlarged,
pencillate (pencil-shaped), hyperchromatic nuclei
arranged in a crowded or stratified pattern.
Mitotic figures and apoptotic bodies may be
present. High-grade dysplasia is characterized
by the presence of architectural changes such
as glandular crowding and cribriform or back-to-
back glands. The epithelial cells in high-grade

Fig. 22.5 Colonic adenoma. a Low magnification of
low grade dysplasia. b High magnification of the region
outlined in black in panel A. c Low magnification of a

high grade dysplasia. d High magnification of the region
outlined in black in panel C
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dysplasia also appear more atypical, with more
nuclear enlargement, pleomorphism, prominent
nucleoli, atypical mitotic figures, and loss of
nuclear polarity. Dysplasia usually extends from
the crypt base all the way to the surface, but may
be limited to the crypt base in early cases (“crypt
dysplasia”). Although the classical adenoma-
carcinoma sequence is thought of as progress-
ing sequentially from low-grade to high-grade
dysplasia and then to carcinoma, some carcino-
mas have been observed to arise directly from
low-grade dysplasia without passing through an
intermediate high-grade dysplastic stage [33].

In addition to grade, adenomas are also fre-
quently subclassified into three types based on
the amount of the adenoma that exhibits a villous
architecture (villi = finger or leaf-like projec-
tions). Tubular adenomas (the most common
type) are 0–25 % villous, tubulovillous adeno-
mas are 26–74 % villous, and villous adenomas
are >75 % villous. The villous component
appears to increase with increasing size of the
adenoma [34].

Although adenomas are relatively common,
most do not progress to carcinoma. Those with
an increased risk of progression are referred to as
“advanced adenomas,” and are defined as those
that are larger than 1 cm in size, contain a villous
component of >25 % (i.e., tubulovillous or vil-
lous adenomas), and/or have high-grade dys-
plasia [35]. For adenomas that are >1 cm in size,
the estimated 10-year risk of progression to car-
cinoma is 10–15 % [36]. The exact rate of pro-
gression from an adenoma to carcinoma is
difficult to assess because most adenomas are
removed at diagnosis, but it likely varies
according to the degree of dysplasia and molec-
ular background in which the adenoma arose,
with one often-cited study demonstrating a
15-year interval from the detection of an ade-
noma to the development of carcinoma [37].

22.5.2 Serrated Polyps

Serrated polyps comprise a heterogeneous group
of neoplastic lesions that differ with regard to

their morphology, predominant location within
the colon (right- versus left-sided), and molecular
pathology. A common feature of serrated polyps
is a serrated luminal contour, thought to result
from increased cellular senescence, leading to an
accumulation or “piling up” of crypt epithelial
cells and a serrated (sawtooth) crypt shape [38].
According to the standardized nomenclature and
classification of serrated polyps proposed by the
World Health Organization (WHO) Classifica-
tion of Tumours of the Digestive System [39],
the three main types of serrated polyps are the:
(1) hyperplastic polyp, (2) sessile serrated
polyp/adenoma (SSP/A), and (3) traditional ser-
rated adenoma (TSA).

22.5.2.1 Hyperplastic Polyps
Hyperplastic polyps are, by far, the most common
type of serrated polyp, comprising at least 75 %
of all serrated polyps, and are present in up to
35 % of screening colonoscopy patients aged 50
or older [40]. They are sessile, often small
(<5 mm) polyps that are found throughout the
colorectum, but occur most often on the left side.
Three morphologic subtypes of hyperplastic
polyp are recognized: microvesicular (MVHP),
goblet cell rich (GCHP), and mucin poor
(MPHP). The most common subtype, the MVHP
(Fig. 22.6), is characterized by crypts that are
narrow at the base, wide at the surface, and lined
by enterocytes containing fine (microvesicular)
mucin droplets, interspersed with variable num-
bers of goblet cells. The nuclei of the enterocytes
are small and arranged in a single row, without
stratification or hyperchromasia. On cross-
sectional analysis, the crypts of the MVHP
exhibit a characteristic stellate shape. The GCHP
is much less common than the MVHP, and is
characterized by mildly dilated crypts lined pre-
dominantly by goblet cells, with minimal to no
luminal serration. The least common subtype, the
MPHP, looks like a mucin-depleted MVHP, and
may, in fact, represent a MVHP with reactive
changes. Although all hyperplastic polyps are
considered non-dysplastic, some are precursors to
other serrated polyp types (SSP/A and TSA) with
established premalignant potential (see below).
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22.5.2.2 Sessile Serrated
Polyps/Adenomas

SSP/As represent about 9–40 % of all serrated
polyps and have also been referred to as “sessile
serrated adenoma (SSA)” or “sessile serrated
polyp (SSP)” [39, 41]. Grossly, they are sessile,
usually >5 mm in size, often surfaced by a yel-
low mucin cap, and more commonly found in the
right colon. Histologically, they resemble
hyperplastic polyps, but are additionally charac-
terized by abnormal maturation, with mature
goblet cells and serration found within the crypt
base, and abnormal crypt architecture, with basal
dilation of crypts and a horizontal growth pattern,
resulting in “boot” and “anchor”-shaped crypts
(Fig. 22.7). They may contain dystrophic goblet
cells with nuclei oriented toward the crypt lumen
rather than toward the base. When evaluating
studies of SSPs, one should be aware that there is

high interobserver variability in the distinction
between MVHP and SSP [42, 43]. According to
a recent expert consensus panel, the presence of
one or more crypts exhibiting the characteristic
features of an SSP is sufficient to make the
diagnosis [44].

Although SSPs are considered non-dysplastic
lesions, they may also give rise to dysplasia and
carcinoma, and are considered precursor lesions
to the serrated pathway of colorectal carcino-
genesis [45]. Given that these polyps are more
common in the right colon, and are more easily
missed endoscopically or during pathologic
evaluation, it is not surprising that screening
colonoscopy has been much less effective at
preventing right-sided (relative to left-sided)
colorectal cancers [46, 47]. It has been theorized
that the MVHP may be a precursor of SSP, since
these two types of polyps share not only a mor-
phologic resemblance, but also activating muta-
tions in BRAF, a serine–threonine kinase
involved in cell proliferation and anti-apoptotic
pathways [48]. The development of dysplasia in
SSPs has been linked to methylation of the
MLH1 promoter, which results in microsatellite
instability (MSI, see section on Molecular
Pathology for details) [49]. It is thought that
progression to invasive carcinoma occurs more
rapidly in SSPs with dysplasia than in conven-
tional adenomas [39, 50]. Currently, the exact

Fig. 22.6 Hyperplastic polyps. a Microvesicular. b Goblet cell rich

Fig. 22.7 Sessile serrated polyp
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risk and time interval of progression from an SSP
to carcinoma is unknown.

22.5.2.3 Traditional Serrated
Adenomas

The TSA is the least common type of serrated
polyp, comprising <1 % of all serrated polyps,
and is characterized by villiform architecture,
tall, columnar epithelial cells with very eosino-
philic cytoplasm, and ectopic crypt foci
(small, horizontally oriented, bud-like crypts
arising in the sides of villi that do not exhibit the
usual anchorage to the muscularis mucosae)
(Fig. 22.8). The nuclei of TSAs are ovoid or
pencillate, with open chromatin and one or more
small nucleoli, and do not exhibit the dense
hyperchromasia or prominent nuclear stratifica-
tion present in conventional adenomas. Unlike
hyperplastic polyps and SSPs, TSAs are consid-
ered dysplastic lesions. Molecularly, TSAs
appear to be a heterogeneous group. Based on
their left-sided predominance and the presence of
shared KRAS mutations, a subset of TSAs may
arise from GCHPs [51, 52]. However, hyper-
plastic polyps and SSPs have also been proposed
to be precursors to TSAs (particularly those
found in the right colon), based on the presence
of shared BRAF mutations [53]. Most carcino-
mas arising from TSAs are either microsatellite
stable (MSS) or have a low degree of
microsatellite instability (MSI-L) [54], and are

associated with KRAS mutations and methyla-
tion of the MGMT gene [55].

22.5.2.4 Mixed and Unclassifiable
Polyps

Although they do not comprise a formal category
within the current WHO classification, serrated
polyps that exhibit features consistent with more
than one type of serrated polyp (mixed polyps,
e.g., mixed SSP/TSA or unclassifiable polyps),
or serrated polyp-like areas admixed with con-
ventional adenomatous areas (mixed adenoma/
TSA), do occur and are difficult to classify.
These may reflect a yet-to-be-clarified biologic
relationship between these polyp types.

22.5.3 Other Premalignant
Lesions

Dysplasia of the conventional (intestinal) type
may develop in two special polyp types, juvenile
polyps and Peutz-Jeghers polyps, which are
characteristic of their respective polyposis syn-
dromes and will be described in the section on
the genetics of hereditary colorectal cancer (see
Sects. 22.7.5 and 22.7.6). Patients with IBD also
have a well-recognized increased risk of col-
orectal carcinoma [56]. Dysplasia occurring in
the setting of IBD has a special endoscopic-
pathologic classification, which is beyond the
scope of this chapter. For further information, the
reader is referred to a number of excellent
reviews on the subject [26, 57, 58].

22.6 Histopathology of Colorectal
Cancer

Grossly and endoscopically, colorectal carcinoma
may exhibit many different appearances, which
are classified using the same Paris classification
as dysplasia. Most carcinomas are sessile, cen-
trally ulcerated lesions with irregular raised bor-
ders (Fig. 22.9). As they grow along the intestinal
wall, they may involve the full circumference of
the lumen, resulting in luminal narrowing and a
classic “napkin ring” appearance. The cut surfaceFig. 22.8 Traditional serrated adenoma
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of the tumor is firm, with a solid white to
yellow-tan color. Mucinous cancers may have a
villous surface covered by abundant mucin, with
mucin oozing from pools in the cut surface of the
tumor. Invasion beyond the muscularis propria is
characterized by irregular areas of induration
extending from the main mass into the sur-
rounding pericolorectal fat, and peritoneal
involvement is characterized by induration and
puckering of the serosa overlying the involved
segment of bowel.

Many histopathologic features have been
assessed for colorectal carcinoma prognostication
and prediction of response to therapy. Among the
features with independent prognostic and/or

predictive value in multivariate analyses that are
frequently reported during pathologic evaluation
are the histologic grade, stage, morphologic sub-
type, presence of lymphovascular and extramural
venous invasion, peri- and intratumoral lympho-
cytic response, tumor budding, surgical margin
status, and certain molecular markers.

22.6.1 Histologic Grading

The histologic grade of a colorectal tumor
reflects the degree of differentiation (based on
percentage gland formation) of the tumor and
correlates inversely with prognosis. Tradition-
ally, a three-tiered system has been used, where
tumors with >95 % gland formation are well
differentiated, those with 50–95 % gland forma-
tion are moderately differentiated, and those
with <50 % gland formation are poorly differ-
entiated. Due to high intra- and interobserver
variability using this system, the American Joint
Committee on Cancer (AJCC) has adopted a
two-tiered system for evaluation of resected CRC
specimens. Under this two-tiered system, well-
and moderately differentiated tumors (which
have been shown to have similar outcomes in
most multivariate analyses) fall into the low
grade category, whereas poorly differentiated
tumors are considered high grade [9]
(Fig. 22.10).

Fig. 22.9 Gross appearance of colorectal cancer. Image
courtesy of Dr. Jeffrey C. Perumean, University of Texas,
Southwestern Medical Center, Dallas, TX

Fig. 22.10 Conventional adenocarcinoma. a Low grade. b High grade
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22.6.2 Histologic Spread
and Staging

The histologic stage is currently the most pow-
erful predictor of CRC prognosis. The older
Dukes’ staging system graded tumors from A to
D. Using this staging system, stage A tumors are
limited to the mucosa, stage B tumors reach into
(B1) or through (B2) the muscularis propria,
stage C tumors extend into (C1) or through (C2)
the muscularis propria with positive lymph node
involvement, and stage D tumors exhibit distant
metastases [59]. The most widely used staging
system today (TNM) is based on the depth of
invasion into the bowel wall (T stage), as well as
the presence or absence of metastasis to regional
lymph nodes (N stage) and distant sites (M
stage). For more detailed TNM staging infor-
mation, as well as guidelines for the processing
and evaluation of resected colorectal cancer
specimens, the reader is referred to the most recent
edition of the AJCC staging manual, as well as the
College of American Pathologists’ protocol for the
examination of these specimens [9, 60]. Although
carcinoma is defined as any spread of neoplastic
cells beyond the basement membrane, in the colon
and rectum the risk of local and distant metastasis
is close to zero for carcinoma that is restricted to
the lamina propria or muscularis mucosae (intra-
mucosal carcinoma) [9]. Therefore, intramucosal
carcinoma is assigned the same T stage as
high-grade dysplasia, and both are considered
“in situ” lesions treatable by endoscopic excision,
whereas the term “invasive carcinoma” is used to
refer only to carcinoma invasive into or beyond
the submucosa, which usually warrants surgical
resection of the involved segment of colon or
rectum.

Intraabdominal/pelvic spread of cancer occurs
after perforation of the serosa. The first site of
distant metastasis via a hematogenous route is
the liver, via venous invasion. Extramural venous
invasion portends the highest risk, and is an
independent predictor of cancer recurrence and
decreased survival [61]. The use of an elastic
stain to highlight the elastic lamina, or a smooth
muscle stain to highlight the muscular vessel
wall, may be helpful in identifying vascular

invasion in difficult cases. Lymphatic spread of a
tumor occurs first to the pericolonic/perirectal
lymph nodes, then to the mesenteric lymph
nodes, and finally to the lungs and systemic cir-
culation via the thoracic duct. Lymphovascular
invasion (LVI) is identified by tumor emboli
within endothelial-lined spaces (Fig. 22.11),
sometimes surrounded by a layer of endothelial
cells (“endothelial wrapping”). Endothelial
markers, such as CD31 and CD34, may be used
to stain endothelial cells, and the lymphatic-
specific endothelial marker D2–40 may be used
to highlight lymphatic invasion. Tumors may
also spread via perineural invasion, which is
characterized by tumor within the perineural
sheath surrounding nerves.

22.6.3 Histologic Subtypes

Many histologic subtypes of CRC exist, and an
exhaustive discussion of all of these subtypes is
beyond the scope of this chapter. Therefore, the
following discussion pertains only to the most
common subtypes, as well as those with estab-
lished molecular pathologic relevance. For
information on other subtypes, the reader is
referred to the WHO Classification of Tumours
of the Digestive System [62].

Fig. 22.11 Lymphovascular invasion by colorectal
cancer

420 E.J. Poulin et al.



22.6.3.1 Conventional or “Usual” Type
Adenocarcinoma

Conventional type adenocarcinoma is the most
common histologic subtype of CRC. These
account for 75–80 % of colorectal carcinomas, and
are characterized by irregularly shaped, haphaz-
ardly arranged glands lined by tall columnar
epithelial cells with variable amounts of intra- and
extracellular mucin (Fig. 22.10). The glands may
exhibit cribriform architecture and central inspis-
sated mucus mixed with necrotic cellular debris
(“dirty necrosis”). Poorly differentiated tumors
may exhibit a predominantly solid growth pattern.
In addition to the tall columnar enterocytes, tumors
may contain variable numbers of goblet cells,
Paneth cells, endocrine cells, and even benign
squamous cells, melanocytes, and trophoblasts.
Invasion of glands into the submucosa is typically
accompanied by a stromal desmoplastic response
characterized by a cellular, myxoid-appearing
stroma containing plump myofibroblasts, colla-
gen, and a variable inflammatory infiltrate, which
surrounds the neoplastic glands in a streaming
pattern.

22.6.3.2 Mucinous Adenocarcinoma
Mucinous, also known as colloid, adenocarci-
nomas represent 8–10 % of CRCs and are
defined by WHO criteria as adenocarcinomas
where >50 % of the tumor volume is occupied
by extracellular mucin (tumors where the

quantity of mucin is <50 % are diagnosed as
adenocarcinomas with mucinous differentiation
or mucinous features). These tumors are graded
the same way as conventional carcinomas, where
the low-grade end of the spectrum is represented
by mucin pools lined by well-differentiated, tall,
columnar epithelium, and the high-grade end is
represented by poorly differentiated and/or signet
ring cells floating within mucin pools
(Fig. 22.12). With the exception of those that
have a high degree of microsatellite instability
(MSI-H), mucinous carcinomas tend to present at
more advanced stages, and have also been asso-
ciated with a worse prognosis, independent of
stage and other prognostic factors [63, 64]. The
molecular basis for the mucinous phenotype has
been linked to the expression of the intestinal
epithelial transcription factor, MATH1, which
activates MUC2 expression [65]. In addition, the
transforming growth factor beta (TGFβ) pathway
has been associated with the mucinous pheno-
type. SMAD4 mutation is associated with
mucinous CRC in humans [66] and mice [67],
and loss of Tgfbr2 and Pten results in develop-
ment of mucinous adenocarcinoma in genetically
engineered mice [68].

22.6.3.3 Signet Ring Cell
Adenocarcinoma

Signet ring cell adenocarcinoma comprises up to
1 % of all CRCs, and is defined by the presence

Fig. 22.12 Mucinous adenocarcinoma with signet ring cells. a Low magnification. b High magnification of region
outlined in panel A
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of at least 50 % signet ring cells within the tumor.
Grossly, it may appear to be a well-defined mass
or, if diffusely infiltrative, an ill-defined area of
mural thickening or stricturing. Microscopically, it
is characterized by single infiltrating cells and
clusters of cells, often with a large cytoplasmic
vacuole containing mucin or other cytoplasmic
contents, which gives the cell a round-to-ovoid
shape and indents the nucleus, forming a profile
that resembles a signet ring (Fig. 22.12). When
an adenocarcinoma contains >50 % extracellular
mucin and signet ring cells, it should be classified
as a signet ring cell carcinoma. By definition,
signet ring cell carcinoma is considered high
grade, and, except when MSI-H, has been associ-
ated with a poor prognosis, with a 5-year survival
rate of <10 % [69, 70].

22.6.3.4 Medullary Carcinoma
Also referred to as lymphoepithelioma-like car-
cinoma and large cell minimally differentiated
carcinoma, medullary carcinoma is the subtype
most classically associated with MSI-H, and may
occur in the setting of both hereditary (Lynch
syndrome, usually with MSH2 mutations) and
sporadic colorectal cancer (MLH1 promoter
methylation) [71]. Medullary carcinomas are
associated with right-sided location, female
gender (usually older females), lower incidence
of lymph node metastasis, and typically have
a good prognosis [72–74]. Morphologically,
these are poorly differentiated or undifferentiated
tumors composed of solid sheets, nests, or
trabeculae of polygonal tumor cells with vesic-
ular chromatin, prominent nucleoli, and abun-
dant cytoplasm with a syncytial appearance.
These are associated with a prominent peritu-
moral and intratumoral lymphocytic infiltrate
[72] (Fig. 22.13). These tumors are well cir-
cumscribed, with a broad-front pushing (as
opposed to an infiltrative) growth pattern. Unlike
typical colorectal carcinomas, which are CK7−,
CK20+, and CDX-2+ by immunohistochemistry,
medullary carcinomas tend to be CK7 variably
positive, CK20−, and CDX-2- or only weakly
positive [71], and are positive for the mesothelial
marker Calretinin [74].

22.6.3.5 MSI-H Adenocarcinoma
Approximately 10–15 % of colorectal cancers
are MSI-H [75], and, although these tumors do
not comprise a single distinct morphologic sub-
type, they nonetheless have been shown to share
some common histopathologic features. MSI-H
CRC may be any one of the previously discussed
morphologic subtypes (conventional, mucinous,
medullary, and signet ring cell), are frequently
right-sided, polypoid, exophytic masses that lack
the “dirty necrosis” typical of most colorectal
carcinomas, and have in common the presence of
tumor-infiltrating lymphocytes (TILs), the most
sensitive and specific morphologic marker, to
date, of MSI-H status [76–78]. TILs are
CD3+ CD8+ cytotoxic T cells that infiltrate
between epithelial cells within the tumor.
According to the current (2016 edition) CAP
criteria, a colorectal carcinoma is positive for
TILs if it contains at least three TILs per
high-power field (HPF). Other features that have
been associated with MSI-H status include a
peritumoral lymphocytic infiltrate, which sur-
rounds, but does not infiltrate, malignant glands
and cell clusters, and may form nodular aggre-
gates at the deep periphery of the tumor,
resembling the lymphoid aggregates seen in
Crohn’s disease (peritumoral “Crohn’s-like”
infiltrate). Poor tumor differentiation and a
mucinous phenotype have also been associated
with MSI-H tumors [79, 80].

As an aside, tumors with a CpG island
methylation phenotype (CIMP+, see Molecular

Fig. 22.13 Medullary carcinoma
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Pathology section for details) may be either
MSI-H or not. Those that are MSI-H share the
same features as other MSI-H tumors. Those that
are not MSI-H are more often right-sided and
poorly differentiated but, unlike MSI-H tumors,
do exhibit “dirty necrosis” and tend to lack TILs
or a peritumoral lymphocytic response [81].

As a group, patients with MSI-H tumors have
better overall survival compared to non-MSI-H
tumors, when controlled for stage as well as
multiple other prognostic factors [82–85]. This
may in part reflect a stronger antitumor immune
response, as evidenced by the prominent peri-
and intratumoral lymphocytic infiltrates seen in
these tumors. Because the commonly used
chemotherapeutic agents 5-FU and oxaliplatin
require a functional DNA mismatch repair
(MMR) system in order to promote tumor cell
apoptosis, MSI-H tumors are less responsive to
these agents, but have been shown to be sensitive
to the topoisomerase inhibitor irinotecan, which
induces double-stranded DNA breaks. In fact,
current National Comprehensive Cancer Net-
work guidelines state that adjuvant 5-FU therapy
should not be offered to stage II colorectal cancer
patients with MSI-H cancers, as it is not only of
little additional benefit (since these patients have
a very good prognosis to begin with), but may
also cause harm [86].

22.6.3.6 Serrated Adenocarcinoma
“Serrated adenocarcinoma” is not a distinct
subtype in the current WHO classification, and
has been used to refer to both adenocarcinomas
with a serrated morphology and adenocarcino-
mas arising via the serrated pathway of carcino-
genesis. Morphologically, these tumors often
exhibit a serrated luminal contour to their glands
and frequently produce mucin. Epithelial cells
within these tumors are characterized by eosi-
nophilic or clear cytoplasm, and vesicular, ovoid
nuclei with a peripheral rim of condensed chro-
matin (Fig. 22.14). Serrated carcinomas usually
lack the “dirty necrosis” of conventional col-
orectal carcinoma [87, 88]. Clinicopathologically
and molecularly, these comprise at least two

distinct subgroups: those that are MSI-H right-
sided cancers arising in SSPs, and those that
are MSS/MSI-L left-sided cancers arising in
TSAs [87].

22.6.4 Other Prognostic
Histopathologic
Markers

Tumor budding, which is thought to represent
dedifferentiation to a more stem cell-like pheno-
type (often referred to as epithelial–mesenchymal
transition), has been independently associated
with a worse prognosis [89]. Although this is
currently a controversial area due to the lack of
standardized criteria or grading systems, the
generally accepted definition of tumor budding is
the presence of single epithelial tumor cells or
clusters of <5 cells lacking well-formed glandu-
lar architecture, which are present at the deep
invasive front of a tumor and associated with a
characteristic desmoplastic reaction (Fig. 22.15)
[90]. There is currently no standardized threshold
for the degree of budding that is prognostically
significant, with one study defining high-grade
tumor budding as the presence of >1 bud in 5
(20x) HPF, or >10 tumor buds in 10 HPF [91].
Regardless, the presence of tumor budding has
become increasingly incorporated as a routine
component in pathology reports.

Fig. 22.14 Serrated adenocarcinoma
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The antitumor immune response, particularly
the lymphocyte-mediated component, has gained
prominence in recent years due to its association
with MSI-H colorectal cancer and an improved
prognosis in multivariate analyses [92, 93]. Com-
ponents of the lymphocytic antitumor immune
response include TILs, peritumoral lymphocytes
and lymphoid aggregates, and reactive regional
lymph nodes. It has been hypothesized that, in
MSI-H tumors, the T-cell mediated response is
directed against frameshift-induced neopeptides
[94]. Although several grading systems for the
degree of antitumor lymphocytic response have
been proposed, there is currently no standardized,
clinically validated grading system, although one
will likely emerge in the future.

The concept of cancer-initiating stem cells,
which are characterized by the ability to
self-renew and differentiate into multi-lineage
progenitors, has gained prominence over the last
two decades due to their observed resistance to
therapy and purported role as the cells that ini-
tiate and drive tumorigenesis and recurrence [95–
97]. Although several potential stem cell markers
have been identified in colorectal cancer (CD133,
LGR5, CD166, CD24, MSI-1, BMI, Aldehyde
dehydrogenase, and DCM kinase-like II) [98],
none of these currently have established value as
prognostic markers or therapeutic targets, and
this is an area requiring further investigation.

22.7 Genetics of Hereditary
Colorectal Cancer

A number of hereditary syndromes are associated
with an increased risk of CRC and will be dis-
cussed in the following section. Two other syn-
dromes, Cowden syndrome and Cronkhite–
Canada syndrome, are associated with the devel-
opment of colorectal polyps; for a discussion of the
former, the reader is referred to the chapters on
ovarian/uterine and breast cancer. The latter syn-
drome does not have an established association
with CRC, and will not be discussed further.

22.7.1 Familial Adenomatous
Polyposis
(FAP) and Variants

One of the best-known familial CRC syndromes is
familial adenomatous polyposis (FAP), an auto-
somal dominant condition characterized by germ-
line mutations in the Adenomatous Polyposis Coli
(APC) gene on chromosome 5q. Over 800
disease-associated mutations in APC have been
identified, >90 % of which are nonsense or fra-
meshift mutations leading to a truncated protein
product [99]. Many of these mutations have
specific phenotypic correlations. Patients develop
hundreds (and usually thousands) of colorectal
adenomas within the first two decades of life that
eventually progress to CRC (on average, by age
45) unless the entire colorectum is prophylactically
resected. Additionally, patients with FAP may
develop a number of extracolorectal manifesta-
tions, including desmoid tumors, small intestinal
adenomas, dysplastic gastric fundic gland polyps,
jaw osteomas, congenital hypertrophy of the reti-
nal pigment epithelium (CHRPE), epidermal cysts,
multiple endocrine neoplasia (MEN), pancreatic
adenocarcinoma, hepatoblastoma, extrahepatic
cholangiocarcinoma, and papillary thyroid carci-
noma [100]. Gardner’s syndrome is an FAP vari-
ant with extraintestinal manifestations, particularly
desmoid tumors and osteomas. One of the two

Fig. 22.15 Tumor budding
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variants of Turcot’s syndrome is another variant of
FAP, where patients also present with medul-
loblastoma. Attenuated FAP (AFAP) is a milder
variant of FAP characterized by the presence
of <100 adenomas, a milder phenotype, and later
clinical presentation.

22.7.2 MUTYH-Associated
Polyposis (MAP)

MUTYH-associated polyposis (MAP) is an
autosomal recessive colorectal polyposis syn-
drome characterized by biallelic germline muta-
tions in the MUTYH gene on chromosome
1p34.1, which encodes a glycosylase involved in
DNA repair after oxidative damage [101].
Defective MUTYH function causes an increased
rate of G > T transversions in tumor suppressors
and oncogenes, with the most common target
being APC. Patients have a variable number of
polyps (including adenomas and serrated polyps)
and an increased risk of CRC. The most common
phenotype resembles that seen in AFAP patients,
with most patients having <100 polyps, some
having >100, and a few having >1000 polyps.
The average age at presentation is 45 years [102,
103], and 60 % of patients have CRC at initial
presentation [104]. MAP may account for up to
42 % of patients with adenomatous polyposis
who do not have APC mutations [105].

22.7.3 Lynch Syndrome

Lynch syndrome is an autosomal dominant can-
cer syndrome caused by germline mutations in
one of four DNA MMR genes (MLH1, PMS2,
MSH2, and MSH6) (discussed in more detail in
Sect. 22.13). In addition, EPCAM mutations
have been implicated in Lynch syndrome, as they
lead to transcriptional silencing of MSH2 via
promoter methylation [106]. Rarely, heritable
epigenetic silencing of MLH1 or MSH2 may
occur [107–109]. Lynch syndrome accounts for
10–25 % of familial colorectal cancer and 3 % of
all colorectal carcinomas [110]. The vast major-
ity of patients (*90 %) have mutations in

MLH1 or MSH2 [111–113], with PMS2 and
MSH6 mutations being much rarer. Mutations in
another MMR gene, MSH3, have also been
documented in the setting of MLH1 deficiency,
but to date, no germline mutations in MSH3 have
been found [114, 115]. In total, over 1000 dif-
ferent mutations in the MMR genes have been
identified [116].

The term hereditary nonpolyposis colorectal
cancer (HNPCC) is often used synonymously
with Lynch syndrome, which is not entirely
accurate on two counts. First, HNPCC is a clin-
ical designation for patients with familial col-
orectal cancer predisposition meeting the
Amsterdam criteria [117], and actually encom-
passes two patient groups: those with Lynch
syndrome and those of currently unknown
genetic cause, referred to as Familial Colorectal
Cancer Type X [118]. Second, Lynch syndrome
patients do also develop colonic polyps, albeit
not as many as in the adenomatous polyposis
syndromes (usually <15 polyps).

The lifetime risk of CRC with Lynch syn-
drome ranges from 10 to 53 %, depending on the
MMR gene that is mutated [119], with the
average age at development of CRC being 40–
50 years. In approximately 20 % of patients,
multiple CRCs may develop, either in a syn-
chronous or metachronous fashion. Most Lynch
syndrome patients are born with a mutation in
one allele, with the second allele lost by somatic
mutation, loss of heterozygosity, or epigenetic
silencing. Rare patients are born with biallelic
mutations and are characterized by pediatric
CRC, as well as other pediatric hematologic and
brain malignancies [120–122].

In addition to the increased risk of CRC,
Lynch syndrome patients are also at increased
risk for endometrial carcinoma (15–44 %),
ovarian carcinoma, gastric and small intestinal
adenocarcinoma, carcinomas of the renal pelvis
and ureter, hepatocellular carcinoma, cholangio-
carcinoma, sebaceous tumors, and brain tumors,
among others [123–126]. Lynch syndrome
patients with primary brain tumors (often
glioblastoma) comprise one of the two subtypes
of Turcot syndrome (the other being FAP
patients with medulloblastoma). Muir–Torre
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syndrome is a variant of Lynch syndrome char-
acterized by the presence of sebaceous tumors
and keratoacanthomas.

22.7.3.1 Routine Testing for Lynch
Syndrome in Colorectal
Cancer

Although there are well-established clinical cri-
teria for identifying patients at risk for Lynch
syndrome (Amsterdam II criteria [127] and the
Revised Bethesda Criteria [128]), they will miss
a significant number of patients [129–131]. Fur-
thermore, although Lynch-associated CRCs often
exhibit morphologic features of MSI-H tumors,
none of these features are helpful in distin-
guishing Lynch-associated from sporadic MSI-H
tumors. Therefore, the primary screening method
for the detection of Lynch syndrome in CRC
patients is immunohistochemistry for protein
expression of components of the MMR complex.
This method is >90 % sensitive and nearly
100 % specific for identifying MMR deficiency
when one or more of the four MMR proteins
(MLH1, PMS2, MSH2, and MSH6) are lost
[132, 133]. Immunohistochemistry may rarely
miss some mutations that lead to loss of function
without loss of immunoreactivity (for example,
when the mutation occurs away from the epitope
detected by the antibody).

As MLH1/PMS2 and MSH2/MSH6 function
as dimer pairs, loss of immunostaining of the
dominant partner, MLH1 or MSH2, results in
concurrent loss of immunostaining of the non-
dominant partner, PMS2 or MSH6. Conversely,

when PMS2 or MSH6 are lost, there is still some
retained immunostaining for MLH1 and MSH2,
because the latter two proteins may form dimers
with other partners, such as MLH3 [134, 135]. In
most cases, the background stromal and inflam-
matory cells or adjacent normal crypts retain
MMR protein expression, serving as positive
controls when determining whether there is
MMR protein loss in tumor cells (Fig. 22.16).
This occurs because the allele carrying the
wild-type MMR gene is only inactivated in
tumor cells, allowing detection of the wild-type
protein in surrounding normal tissue where the
unaffected allele is still intact. An exception
occurs when a patient has biallelic germline
mutations, which result in loss of immunostain-
ing in normal tissues as well.

MLH1 deficiency may be due to either Lynch
syndrome or MLH1 promoter methylation, so
loss of MLH1 expression by immunohisto-
chemistry may be followed up by MLH1 pro-
moter methylation testing by PCR, or germline
testing for MLH1 mutations. Because the BRAF
V600E mutation is often associated with MLH1
methylation in sporadic colorectal cancers, but
almost never present in Lynch-associated col-
orectal cancers, testing for this mutation may be
helpful in distinguishing sporadic from Lynch-
associated tumors with MLH1 deficiency [136].
When MMR immunohistochemistry is incon-
clusive or is positive for all four MMR proteins
in a patient with high clinical suspicion for
Lynch syndrome, MSI testing by PCR or germ-
line testing for MMR mutations may be useful.

Fig. 22.16 Mismatch repair immunohistochemistry.
a H&E staining of the border between normal colon
and CRC. b Immunohistochemistry for MLH1. Both
tumor cells and normal cells stain positively.

c Immunohistochemistry for MSH2. Normal cells are
positive, but tumor cells are negative. Positively staining
cells within the tumor mass are non-epithelial cells. In all
panels, the cancer is outlined in black
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Current guidelines recommend testing all newly
diagnosed colorectal cancers for Lynch syn-
drome by MMR immunohistochemistry, MSI
PCR, or both of these methods [137, 138].

22.7.4 Serrated Polyposis
Syndrome (SPS)

Serrated polyposis syndrome (SPS) is a heredi-
tary CRC syndrome of unknown molecular eti-
ology, characterized by the presence of increased
numbers of serrated polyps (either hyperplastic
polyps or SSPs) and an estimated lifetime risk of
developing colorectal cancer of 50 % (97). Two
subtypes have been identified: Type 1 is char-
acterized by mostly hyperplastic polyps and a
low risk of CRC, while Type 2 is characterized
by mostly SSPs, with or without hyperplastic
polyps, and a higher risk of CRC. Approximately
33–53 % of colorectal cancers in SPS patients
are thought to arise via the CIMP pathway [139–
141]. Conventional adenomas may also be pre-
sent in >80 % of SPS patients.

22.7.5 Peutz-Jeghers Syndrome

Peutz-Jeghers syndrome (PJS) is an autosomal
dominant syndrome characterized by mucocuta-
neous pigmentation and GI tract polyps with a
unique arborizing smooth muscle network. These
Peutz-Jeghers polyps usually present within the
first two decades of life (Fig. 22.17). Patients
have an increased risk of carcinoma of the col-
orectum, small intestine, stomach, pancreas,
esophagus, ovary, uterus, lung, and breast [142].
The syndrome is associated with germline
mutations in LKB1 (also called STK11), a tumor
suppressor gene encoding a serine–threonine
kinase that modulates cellular energy pathways
and maintains cell polarity [143]. About 15–
30 % of Peutz–Jeghers syndrome patients
develop dysplastic polyps and carcinoma [144,
145]. Rare occurrences of solitary sporadic
Peutz–Jeghers polyps have been reported. The
clinical significance of these lesions remains

unclear, but removal is recommended, as these
polyps may harbor dysplasia [146, 147].

22.7.6 Juvenile Polyposis
Syndrome (JPS)

Juvenile polyposis syndrome (JPS) is an auto-
somal dominant GI polyposis syndrome charac-
terized by the presence of multiple juvenile
polyps within the colorectum and proximal GI
tract, including the stomach. JPS is most com-
monly associated with mutations in the TGFβ
signaling pathway, including germline mutations
in SMAD4 (15 %) and Bone Morphogenetic
Protein Receptor Type 1A (BMPR1A; 25 %),
which occur in 40–60 % of JPS [148, 149].
A small percentage of JPS patients (5 %) have
mutations in PTEN, a negative regulator of AKT
signaling [150, 151]. Juvenile polyps are a
morphologically distinct type of non-neoplastic
mucosal polyp characterized by disorganized,
cystically dilated glands filled with mucus, sur-
rounded by an edematous, inflamed stroma
(Fig. 22.18). Although juvenile polyps may
occur sporadically in children, and as solitary
sporadic polyps in adults, there is no increased
risk of carcinoma unless the polyps occur in the
syndromic setting (for detailed clinical criteria
for the diagnosis of JPS, please refer to [152]). In
syndromic patients, there is an increased risk of
colorectal, gastric, and pancreatic carcinoma,
with an estimated 17–22 % risk of colorectal
cancer by age 35 years, which increases to 68 %

Fig. 22.17 Peutz-Jeghers polyp
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by age 60 [142]. Carcinogenesis occurs by the
adenoma-carcinoma pathway in juvenile polyps
that develop conventional dysplasia.

22.7.7 Mixed Polyposis Syndrome

Mixed polyposis syndrome is an autosomal dom-
inant syndrome characterized by the presence of
“mixed” polyps with adenomatous, juvenile, and
hyperplastic features, and an increased risk of CRC
[153]. It is currently unclear whether this repre-
sents a variant of juvenile polyposis syndrome or
serrated polyposis syndrome, but associations with
BMPR1A and GREM-1 mutations have been
described [154–156].

22.8 The Molecular Pathology
of Colorectal Cancer

CRC presents as sporadic, inherited, or familial
disease. Sporadic disease, in which there is no
family history, accounts for approximately 70 %
of all CRC cases. This pattern of disease derives
from stochastic somatic mutations that are driven
by both dietary and environmental risk factors.
Inherited disease (described above) accounts for
only 5 % of CRC cases and typically presents with
well-characterized predisposing mutations. These
cases are subdivided based on whether the patients
display colonic polyps, as in familial adenomatous
polyposis (FAP) or MUTYH-associated polyposis
(MAP), or those without polyps (Lynch

syndrome). The third, and least understood, pattern
is familial CRC, which accounts for 25 % of cases.
Affected patients have a family history of CRC,
similar to patients with inherited disease, but the
genetic etiology has not been defined. The
molecular pathogenesis of CRC has been exten-
sively studied and will be described in detail in this
chapter. CRC can develop via one of two major
molecular pathways of tumorigenesis: CIN or
MSI. These CRC subclasses have different muta-
tional spectra and are therefore likely to require
distinct therapeutic strategies as targeted therapies
become available.

22.9 Initiation of CRC
Tumorigenesis

Specific genetic mutations are thought to drive
the transformation from normal colonic epithe-
lium to invasive cancer. In 1990, Fearon and
Vogelstein described a multistep genetic model
of colorectal carcinogenesis in which each
accumulated genetic alteration contributed to the
progression from normal epithelium to adenoma
to invasive cancer (Fig. 22.19) [157]. Although
not the complete story, this model has become
the basis for much of our understanding of how
CRC tumorigenesis progresses. It was quickly
observed that cancer cells contained a high
incidence of mutations compared to normal cells,
which contained very few mutations. This
observation led to the idea that one of the initial
steps in carcinogenesis occurs when cancer cells
acquire mutations in genes that maintain geno-
mic instability, which facilitates an increased
mutation rate and thereby, a “mutator phenotype”
[158]. In contrast, a second theory suggests that
tumor initiation depends less upon increased
mutational rate than on positive clonal selection
driven by an advantageous mutation [159]. In
this case, a normal mutation rate is sufficient for
tumor initiation if positive selection is accounted
for [159, 160]. Recent work suggests that since
normal somatic cells acquire mutations at the
same rate [161], the risk of cancer developing in
an organ is associated with the number of life-
time stem cell divisions that occur within a given

Fig. 22.18 Juvenile polyp
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tissue [162]. Based on this theory, mutations
accumulate randomly by chance during DNA
replication. Since the colonic epithelium is con-
tinuously turning over, the risk of mutation in
this tissue is high compared to less proliferative
tissues. It is estimated that the time between
adenoma initiation and carcinoma development
in the colon is about 17 years, while the time
between carcinoma and metastasis is only
1.8 years [161]. These estimates suggest that for
adenoma to progress, it has to acquire more
mutations and undergo more clonal expansions
than a carcinoma that metastasizes. Based on this
model, it is likely that most, if not all, of the
mutations required for metastasis are present in
the parent carcinoma.

22.10 Mechanisms Leading
to Chromosomal
Instability (CIN)

CRCs can be divided into classes based on the
general state of the genome. The majority
(*70 %) of sporadic CRCs contain a high fre-
quency of gain and/or loss of whole chromosomes
or chromosomal segments. This phenotype is
known as chromosomal instability (CIN) and is
characterized by chromosomal translocations,
amplifications, deletions, and insertions [164, 165].
One of the underlying causes of such aneuploidy
is improper segregation of chromosomes. The

mitotic spindle checkpoint maintains fidelity of
chromosome segregation by delaying anaphase
onset until chromosomes are properly aligned on
the mitotic spindle [166]. A second mechanism of
aneuploidy is driven by centrosomes, which secure
cytoplasmic microtubules to the mitotic spindle
during cell division. Abnormal centrosome num-
ber results in mulitpolar spindles, ultimately
causing chromosomal missegregation [166].
Genomic integrity is also maintained by a second
checkpoint, the DNA damage checkpoint, which
protects cells against postreplicative DNA damage
and genotoxic stress. Failed DNA damage check-
points allow damaged DNA to progress through
mitosis, which can result in chromosomal struc-
tural alterations [164]. Loss of heterozygosity
(LOH) is one of the primary outcomes of chro-
mosomal instability, and CRC tumors may display
up to 40 % of parental allelic loss [164, 167]. The
most frequent CRC-associated chromosomal los-
ses occur at 1p, 4q, 5q, 8p, 14q, 15q, 17p and q,
18p and q, 20p, and 22q [168]. Of note, loss of
18p and q (containing SMAD4) or 17p and q
(containing TP53), the most common chromoso-
mal deletions, occur in up to 66 and 56 % of CRC,
respectively [168]. The exact mechanisms that
underlie LOH are not well understood, but several
pathways have been implicated, including mitotic
nondisjunction, homologous recombination, and
chromosomal structural changes originating from
recombinations and deletions following DNA
double strand break repair [164, 169].

Fig. 22.19 Original genetic model of CRC development as proposed by Fearon and Vogelstein in 1990. Adapted from
Fearon and Vogelstein [163]
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22.11 Genetic Alterations
in CIN-Type CRC

A complex genetic landscape of CRC has
emerged in recent years as the sequences of
whole cancer genomes have become available.
Integrated analysis of single nucleotide muta-
tions, amplifications, and deletions indicates that
each CRC carries approximately 80 mutations.
The most frequently mutated genes in CIN-type
CRC include APC, KRAS, PIK3CA, TP53,
SMAD4 and FBXW7, resulting in the activation
of oncogenic pathways and suppression of tumor
suppressor pathways [168, 170, 171].

22.11.1 Wnt Signaling

Perhaps the earliest and most critical genetic
alteration in CRC is activation of the Wnt sig-
naling pathway through disruption of Adeno-
matous Polyposis Coli (APC) [172]. A single
germline mutation in APC is responsible for the
development of FAP (discussed in 22.17.1) and
somatic APC mutations occur in approximately
81 % of non-hypermutated tumors and 51 % of
hypermutated tumors [168]. APC is a critical
modulator of the Wnt signaling pathway
(Fig. 22.20). APC binds the axin–conductin
scaffold and, along with the other members of the
“β-catenin destruction complex” (glycogen syn-
thase kinase 3β (GSK-3β) and casein kinase 1α/ε
(CK1α/ε)), mediates β-catenin phosphorylation,
ubiquitylation, and proteasomal degradation,
preventing activation of Wnt signaling [173].
APC loss disrupts complex formation and
relieves β-catenin degradation, resulting in
accumulation of cytoplasmic β-catenin even in
the absence of Wnt ligands. Translocation of
β-catenin into the nucleus releases repression of
the T-cell factor and lymphoid enhancing factor
(TCF/LEF) transcription factors, driving tran-
scription of multiple Wnt target genes, some of
which have been implicated in tumor growth and
invasion [174]. APC inactivation can also be
achieved by epigenetic silencing of the APC
promoter by hypermethylation [175]. APC is a
multi-domain scaffolding protein that participates

in various cellular functions independent of its
role in Wnt signaling, and therefore, APC muta-
tions affect more than just the Wnt pathway. In
particular, largely in vitro studies have implicated
APC in aspects of cell polarity [176], microtubule
and cytoskeletal dynamics [177, 178], mitotic
spindle dynamics [176–178], and apoptosis
[179]. Other components of the canonical Wnt
signaling pathway are altered in CRC, including
β-catenin (CTNNB1) itself. Stabilizing
gain-of-function mutations in CTNNB1 occur in
about 5–7 % of CRC and disrupt key regulatory
phosphorylation and ubiquitylation domains,
resulting in the inability of β-catenin to be phos-
phorylated and degraded [151, 168]. Addition-
ally, reported inactivating mutations or deletions
in SOX9, AXIN2, DKK protein family members,
TCF7L2, FBXW7, ARID1A, and FAM123B, all
negative regulatory mechanisms, and increased
expression of FZD10, which encodes the Wnt
co-receptor, represent alternative mechanisms for
increased Wnt signaling [168].

22.11.2 RAS

The RAS subfamily of small, monomeric GTPases
includes K-RAS4A, K-RAS4B, N-RAS and
H-RAS. RAS proteins are binary molecular
switches that oscillate between active (GTP-
bound) and inactive (GDP-bound) states.
Gain-of-function point mutations lock RAS pro-
teins into the active state, resulting in sustained
activation of multiple downstream signaling path-
ways [180], the most well-known of which is the
Raf-MEK-ERK pathway (Fig. 22.21) [181].
Canonical activating mutations in K-RAS occur in
about 40 % of CRC, while N-RAS mutations
occur in only 3–5 %. Mutations in H-RAS have
not yet been identified in CRC [168, 182, 183].
The genetic basis for mutation distribution among
RAS isoforms is not understood, but functional
studies in genetically engineered mouse models
support the idea that K-RAS and N-RAS have
different roles in CRC tumor biology. In particular,
expression of mutationally activated K-Ras pro-
moted progression of colonic adenocarcinoma in
an APC-deficient model, whereas N-Ras did not
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[184]. Instead, mutant N-Ras may promote CRC
driven by inflammation [185]. The majority
(75 %) of reported K-RAS mutations are in codon
12, while mutations at codons 13(10 %), 146

(4 %), and 61(2 %) occur less often [186, 187].
The RAS effectors BRAF and PIK3CA are
implicated in CRC pathogenesis and will be dis-
cussed below.

Fig. 22.20 The WNT signaling pathway. In the absence
of WNT ligands, the β-catenin destruction complex
(AXIN, CK1, GSK3β, and APC) mediates phosphoryla-
tion of β-catenin, stimulating its ubiquitylation and
degradation by the proteasome. Groucho inhibits
TCF/LEF transcription factors, preventing transcription
of WNT target genes. WNT ligands bind the co-receptors

Frizzled (FZD) and LRP5/6, while the WNT agonist
R-Spondin binds LGR receptors. When WNT ligands are
present, the β-catenin destruction complex is inhibited and
β-catenin accumulates. Translocation of β-catenin into the
nucleus relieves Groucho inhibition of TCF/LEF and
WNT target gene transcription is activated
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22.11.3 PI3K

The phosphatidylinositol 3-kinase (PI3K) pathway
is critical for cell survival and cell growth. PI3K is
a lipid kinase that catalyzes the phosphorylation of
phosphatidylinositol 4,5-bisphosphate (PIP2) to
generate phosphatidylinositol 3,4,5-triphosphate
(PIP3). AKT binds PIP3 via its Pleckstrin

Homology domain and is recruited to the mem-
brane where it is activated [188]. PI3K is com-
posed of a catalytic subunit (p110) and a
regulatory subunit (p85), which binds SH2
domains on receptor tyrosine kinases, as well as
activated RAS. Activating mutations in PIK3CA,
the gene that encodes the p110α catalytic subunit
of PI3K, occurs almost exclusively in established

Fig. 22.21 RAS signaling pathways. Ligand-activated
receptor tyrosine kinases (RTKs) recruit the adaptor
protein, GRB2, which activates the RAS guanine
nucleotide exchange factor SOS. SOS mediates nucleo-
tide exchange, activating RAS and inducing multiple RAS
effector pathways. RAS-induced cellular responses are

mediated by kinase cascades (BRAF-MEK-ERK),
cytoskeletal dynamics (Ral), calcium signaling (protein
kinase C, PKC), and the PI3K/AKT survival pathway.
Mutationally activated RAS signals in the absence of
upstream inputs from RTKs
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carcinomas in 15–18 % of CRC cases (COSMIC
Database) [168]. In CRC, the three most common
mutations include H1047R, and E545 K and
E542 K mutations [189]. These missense muta-
tions cause constitutive lipid kinase activity,
resulting in cell growth promotion and invasion in
cancer cells [190]. Aside from mutational activa-
tion of PI3KCA, the PI3K pathway can be acti-
vated by loss or mutation of the tumor suppressor,
PTEN, a negative regulator of AKT. Approxi-
mately 4–10 % of sporadic CRCs exhibit somatic
PTEN mutations, which most likely cause activa-
tion of the AKT survival pathway [168, 191].
PI3K is also activated downstream of ligand-
activated receptor tyrosine kinases (RTKs). CRC-
associated alterations in certain RTKs, including
Epidermal Growth Factor Receptor (EGFR) and its
family members (ERBB2/4), KIT, and MET
(COSMIC Database), result in dysregulation of
PI3K activity. Additionally, PI3K is a canonical
RAS effector and is activated through direct
interaction of the p110 subunit with RAS
(Fig. 22.21) [192]. Interestingly, although they
signal through the same pathway, RAS and PI3K
mutations are not mutually exclusive in CRC
[193, 194].

22.11.4 p53

TP53 is one of the most commonly mutated
genes in human cancers and is mutated in about
60 % of CRC, making it the second most com-
monly mutated gene in CRC [168]. p53 is a
transcription factor that is activated in response
to cellular stress by repressing cell cycle pro-
gression and inducing apoptosis. Under normal
conditions, p53 undergoes ubiquitin-mediated
proteasomal degradation, but upon onset of cel-
lular stress, it is stabilized and activates tran-
scription of genes involved in cell cycle
checkpoints, cell cycle arrest, and apoptosis
[195]. The majority (*80 %) of TP53 mutations
are missense mutations (GC to AT transitions)
that occur most often in codons 175, 245, 248,
273, and 282. These mutations disrupt the ability
of p53 to bind target DNA sequences, effectively
inactivating a host of cellular protection

mechanisms. Homozygous inactivation of p53
occurs by LOH, and in fact, loss of chromosome
17p and q (which includes the TP53 gene), is
observed in 56 % of CRC [151, 168, 183, 196,
197]. p53 loss occurs in 4–26 % of adenomas,
50 % of adenomas with invasive foci, and in 50–
75 % of CRCs, suggesting that inactivation of
the p53-dependent cell cycle arrest and apoptotic
pathways might facilitate tumor progression
[198].

22.11.5 Allelic Loss of 18q

Allelic loss of chromosome 18q is one of the
most commonly lost chromosomal regions in
CRC and is observed in 65–70 % of primary
colorectal tumors, particularly in advanced stages
[157, 168]. 18q contains the coding region for
SMAD2 and SMAD4, downstream mediators of
the transmembrane transforming growth factor-β
(TGFβ) receptors, encoded by TGFBRI and
TGFBR2. Upon activation of the TGF β path-
way, SMAD proteins translocate into the nucleus
and activate target gene transcription. Loss of
18q results in loss of downstream TGFβ signal-
ing, which represses cell proliferation, induces
apoptosis, and regulates aspects of epithelial-to-
mesenchymal transition (EMT), cell motility, and
adhesion [199, 200]. In addition to chromosomal
loss, inactivating mutations in SMAD2 and
SMAD4 are reported in 6 and 10 % of CIN-type
CRC, respectively [168].

22.11.6 Fbxw7

The FBXW7 gene encodes the FBW7 tumor
suppressor F-box protein, a component of SCF
(Skp1, Cullin-1, F-box protein) E3 ligase com-
plexes. FBW7 recognizes a specific phosphode-
gron domain (Cdc4 phosphodegron, CPD) on its
substrates and mediates ubiquitylation of mulit-
ple oncogenic targets, including c-myc, the
Notch1 intracellular domain (NICD), cyclin E,
and c-Jun [201]. FBXW7 mutations occur in
about 11 % of CRC [168] and typically are
missense mutations in key arginine residues that
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interact with substrate CPD phosphate residues,
therefore disrupting substrate interaction and
subsequent ubiquitylation. Given the general
oncogenic properties of its major targets, loss of
FBW7 function affects cell cycle dynamics, as
well as cell growth, proliferation and differenti-
ation [201].

22.12 Order of Mutations

Fearon and Vogelstein’s seminal work on the
genetics of CRC identified four genomic alter-
ations that were associated with the transforma-
tion of normal colonic epithelium to cancer
(Fig. 22.19) [157]. Although their original model
is often construed as a linear accumulation of
mutations that results in stepwise tumor pro-
gression, Fearon and Vogelstein argue that “the
total accumulation of changes, rather than their
order with respect to one another, is responsible
for determining the tumor’s biologic properties”
[157]. This misunderstanding likely stems from

the absence of non-neoplastic endpoints, such as
aberrant crypt foci, from the original study.
Today, we have a wealth of information gleaned
from studying CRC tumorigenesis in genetically
engineered mouse models, in which we can
examine the pathogenesis of both precursor
lesions and advanced CRC. Using this informa-
tion, which includes non-neoplastic endpoints,
application of a nonlinear model of the stepwise
transition from normal colon to malignant cancer
demonstrates that tumor progression is indepen-
dent of the order in which mutations are acquired
(Fig. 22.22).

22.13 Microsatellite Instability
(MSI)

In 1993, the Perucho and Thibodeau groups
independently described the phenomenon of
microsatellite instability (MIN or MSI) in CRC
[202, 203]. Further work demonstrated that CIN
and MSI represent separate mechanisms of

Fig. 22.22 A nonlinear model for CRC development.
a Normal colonic epithelium can progress to carcinoma
in situ through three genetics events (APC loss, KRAS
activation, and p53 mutation), regardless of the order in
which these events occur. This concept is represented
schematically with a cube, where movement from one
corner to another takes three steps, regardless of which
route is taken. b Histologic states produced by defined
genetic mutations, as revealed by genetically engineered

mouse models. The exact genetic change associated with
each histologic state is highlighted by the cube diagram.
Mutation of KRAS or p53 produces a non-neoplastic
endpoint. Loss of APC, the first step in the original Fearon
and Vogelstein model (Fig. 22.19), is required for neo-
plasia. Mutation of APC and KRAS creates an
advanced/dysplastic adenoma. Mutation of APC, KRAS,
and p53 creates frank cancer

434 E.J. Poulin et al.



colorectal tumorigenesis with distinct mutational
and phenotypic characteristics. Microsatellites
are small DNA segments (100–200 bp in length)
that consist of stretches of nucleotide repeats,
most often composed of adenine (A)n mononu-
cleotide repeats or cytosine–adenine (CA)n din-
ucleotide repeats. These repetitive sequences are
prone to DNA polymerase strand slippage during
replication, which results in DNA mismatches or
extrahelical loops. This causes the DNA strands
to reanneal incorrectly within the microsatellite
and can result in protein truncations if not
repaired. The microsatellite-associated instability
of any given allele is related to the length of the
nucleotide repeats and therefore, genes that
contain longer stretches of nucleotide repeats are
considered less stable [135, 204, 205]. The DNA
MMR pathway maintains the fidelity of DNA
replication by correcting mismatches, insertions,
and deletions following replication. Mutation or
epigenetic silencing of MMR pathway compo-
nents renders this pathway defective and leads to
established MSI. In particular, in contrast to
CIN-type tumors, MSI tumors largely display a
normal diploid karytype and do not manifest
large chromosomal aberrations [164].

22.13.1 Hereditary MSI CRC

MSI is detected in about 15 % of all colorectal
cancers; 3 % are of which are associated with
Lynch syndrome (discussed in Sect. 22.7.3).
Identification of the causative mutations of Lynch
syndrome revealed the role of MMR pathway
components in MSI development. MLH1 (Mut L
homologue) and MSH2 (Mut S Homologue) are
the most commonly mutated genes in Lynch
syndrome and result in MMR failure. Additional
Lynch syndrome-associated inactivating mutations
occur in the MMR genes MSH6 and PMS2
(Postmeiotic segregation-2) (Fig. 22.23) [135, 151,
204]. Loss of MMR pathway genes results in
failure of the complex to recognize DNA replica-
tion errors or prevents repair, rendering the MMR
pathway inactive. Only 65 % of Lynch syndrome
cases contain mutations in MMR genes, while the

other 35 % are considered to be MMR-proficient
and characterized as familial colorectal cancer type
X (FCCTX) [118, 206]. Mutations in TGFBR2
have been identified in families with FCCTX,
however, additional disease-associated genes and
mechanisms of tumorigenesis are unknown [207].

22.13.2 Sporadic MSI CRC

The majority of MSI CRC is sporadic (about 12 %
of all CRC) and is largely associated with epige-
netic silencing of MLH1 [135, 168, 204]. Follow-
ing MLH1 silencing and MMR inactivation, a
number of genes develop subsequent mutations due
to MSI. Of the hypermutated tumors characterized
by The Cancer Genome Atlas (TCGA), mutations
were reported in ACVR2A (63 %), TGFBR2
(51 %), BRAF (46 %), MSH3 (40 %), MSH6
(40 %), and TCF7L2 (31 %) [168]. The TGFβ
pathway is particularly affected by MSI, with two
receptor types being the most highly mutated genes
in this tumor subset. MSI-associated ACVR2A and
TGFBR2 mutations result in truncated inactive
proteins, which prevent normal growth suppressive
TGFβ signaling [208]. One of the underlying cau-
ses ofMSI is the CpG island methylator phenotype,
or CIMP. CIMP is exhibited by cytosine hyper-
methylation within promotor CG-rich islands,
resulting in epigenetic gene silencing of tumor
suppressor genes [209]. In particular, MLH1
silencing, a readout of CIMP, was observed in
83 % of MSI-H tumors in the TCGA and in
hypermutated tumors, was associated with an
increased frameshift mutation rate compared with
hypermutated tumors lacking MLH1 silencing
[168]. BRAF mutations are also associated with
CIMP, the most common mutation being a T:A
transversion, resulting in a V600E mutation [210–
212]. BRAF is a downstream RAS effector and
activating V600E mutations result in constitutive
activation of downstream growth-promoting path-
ways, similar to the effect of point mutations in
RAS. Interestingly, BRAF-mutant cell lines can
induce proliferation independent of RAS, and
BRAF mutations are typically mutually exclusive
with KRAS mutations [211, 213].
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22.14 Alternative Pathways
to CRC

22.14.1 MicroRNAs (MiRNAs)

MicroRNAs (miRNAs) are short (20–25 nucleo-
tides) noncoding RNAs that posttranscriptionally
regulate protein expression by preventing mRNA
translation. A number of miRNAs are altered in
CRC, suggesting that they may have a functional
role in tumor pathogenesis [214]. Depending on
their targets, miRNAs can be considered either
tumor suppressors or oncogenes. For example,

intestinal-specific deletion of Let-7 in mice results
in development of adenocarcinomas associated
with an increased stem cell phenotype, confirming
that Let-7 acts as a tumor suppressor and promotes
differentiation [215]. This study identified a num-
ber of oncogenic Let-7 targets, including Hmga2,
Mycn and E2f2, upregulation of which were also
observed in human CRC. In contrast, LIN28A and
LIN28B, which negatively regulate Let-7 levels,
are upregulated in human CRC and positively
correlated with tumor progression and worse sur-
vival. Ectopic intestinal overexpression of LIN28a
or LIN28B caused small intestinal adenocarci-
noma development that correlated with decreased

Fig. 22.23 The DNA mismatch repair (MMR) pathway
and microsatellite instability (MSI). DNA polymerase
slippage can occur at repetitive DNA sequences called
microsatellites. The MMR complex is composed of two
heterodimers (MSH2-MLH1 and MSH6-PMS2) that

recognize mismatches and extrahelical loops and mediate
nucleotide excision and repair by exonuclease I, DNA
polymerase, and DNA ligase. Loss of MMR components
results in failure of repair and alteration of microsatellite
length
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Let-7 levels [216]. As more CRC-associated
miRNAs are identified, it is clear that miRNAs
have the potential to affect multiple tumorigenesis-
related pathways and the relative expression of
particular miRNAs has provided useful biomarker
and prognostic information [217].

22.14.2 Colitis-Associated CRC

One of the most significant environmental risk
factors for CRC is chronic intestinal inflamma-
tion. Patients with chronic IBD have a 20 % risk
of developing colitis-associated CRC (CAC),
which has a >50 % mortality rate [218]. The
pathogenesis of CAC reveals key insights into the
tumor-promoting effects of immune system
components. Although CAC involves many of the
same oncogenic pathways as sporadic CRC,
tumorigenesis is likely initiated by the effects of
chronic inflammation. In particular, the enhanced
presence of reactive oxygen species (ROS) causes
DNA oxidative damage, contributing to increased
DNA mutagenesis. In particular, mutations in
TP53 are common early alterations. Epigenetic
silencing is also associated with gene silencing in
CAC, and genomic instability can be amplified by
methylation of MMR gene promoters [218–220].
CAC tumor progression is enhanced by inflam-
matory pathways that promote cell proliferation
and survival, including NF-κ[kappa]B, STAT3,
and cytokine signaling. Mouse models of
inflammation using the epithelial irritant, dextran
sodium sulfate (DSS), combined with the car-
cinogen, azoxymethane (AOM), have provided
significant insight into the inflammatory media-
tors that support CAC progression [221].
NF-κ[kappa]B is a multi-subunit transcription
factor that is activated by cytokine signaling and
promotes cell survival and cytokine production
[218]. In a mouse model of CAC, NF-κ[kappa]B
inactivation in intestinal epithelial cells or in
myeloid cells resulted in diminished tumorigene-
sis, suggesting that NF-κ[kappa]B signaling is an
important intersection between inflammation and
CAC [222]. The proinflammatory, NF-κ[kappa]

B-regulated cytokine, interleukin-6 (IL-6), stim-
ulates downstream pathways that include PI3K
and STAT3. In an AOM/DSS mouse model of
CAC, Il-6 deficiency resulted in decreased
tumorigenesis, suggesting that it acts as a tumor
promoter. In addition, Il-6 production by immune
cells within the intestinal epithelium promoted
proliferation and survival of intestinal epithelial
cells in a STAT3-dependent manner [223]. The
STAT3 transcription factor is a critical down-
streammediator of IL-6 pro-inflammatory signals.
In the same AOM/DSS mouse model, Stat3
knockout in intestinal epithelial cells also
decreased tumor size and number [223]. STAT3
can also activate anti-apoptotic and proliferative
pathways, which contribute to tumor promotion
[218]. Finally, the expression of tumor necrosis
family (TNF) cytokines has been associated with
pro-inflammatory and angiogenic properties in
CAC [218]. In particular, TNF-α, which is
increased in human IBD, was significantly
increased in the colon of mice treated with
AOM/DSS, and knockout of the TNF-α receptor
resulted in decreased tumor burden and immune
infiltrate [218, 224].

22.15 Summary

This chapter covered the normal anatomy, and
embryological development of the colon and
rectum, followed by the pathology, pathogenesis,
and molecular drivers of CRC tumorigenesis.
CRC is a complex disease that develops via
multiple routes, each with its own molecular
profile of genetic and epigenetic alterations.
Classic early studies by Fearon and Vogelstein
identified the most commonly altered pathways
in CRC, validation of which has been upheld by
the recent TCGA studies. The vast heterogeneity
of CRC presents a therapeutic challenge, but our
understanding of the disease is constantly
evolving, and advances from emerging areas,
such as the miRNA field, may provide additional
insight into the pathogenesis of CRC and inform
therapeutic strategies.

22 Pathology and Molecular Pathology of Colorectal Cancer 437



References

1. Wells JM, Melton DA. Vertebrate endoderm devel-
opment. Annu Rev Cell Dev Biol. 1999;15:393–410
Epub 1999/12/28.

2. de Santa Barbara P, van den Brink GR,
Roberts DJ. Development and differentiation of the
intestinal epithelium. Cell Mol Life Sci CMLS.
2003;60(7):1322–32. Epub 2003/08/29.

3. Noah TK, Donahue B, Shroyer NF. Intestinal
development and differentiation. Exp Cell Res.
2011;317(19):2702–10 Epub 2011/10/08.

4. D’Amour KA, Agulnick AD, Eliazer S, Kelly OG,
Kroon E, Baetge EE. Efficient differentiation of
human embryonic stem cells to definitive endoderm.
Nat Biotechnol. 2005;23(12):1534–41 Epub
2005/11/01.

5. Spence JR, Mayhew CN, Rankin SA, Kuhar MF,
Vallance JE, Tolle K, et al. Directed differentiation
of human pluripotent stem cells into intestinal tissue
in vitro. Nature. 2011;470(7332):105–9 Epub
2010/12/15.

6. Sato T, Vries RG, Snippert HJ, van de Wetering M,
Barker N, Stange DE, et al. Single Lgr5 stem cells
build crypt-villus structures in vitro without a
mesenchymal niche. Nature. 2009;459(7244):262–
5 Epub 2009/03/31.

7. Sato T, Stange DE, Ferrante M, Vries RG, Van
Es JH, Van den Brink S, et al. Long-term expansion
of epithelial organoids from human colon, adenoma,
adenocarcinoma, and Barrett’s epithelium. Gas-
troenterology. 2011;141(5):1762–72 Epub
2011/09/06.

8. Adler D, Farraye F, Crawford J. Gastrointestinal
tract endoscopic and tissue processing techniques
and normal histology. In: Odze RD, Goldblum JR,
editors. Odze and Goldblum surgical pathology of
the GI tract, liver, biliary tract, and pancreas. Third
edition. ed: Saunders, Elsevier Inc.; 2015. p. 19,
1612.

9. Edge SB, American Joint Committee on Cancer.
AJCC cancer staging manual. 7th ed. New York:
Springer;2010. xiv, 648 pp.

10. Ostaff MJ, Stange EF, Wehkamp J. Antimicrobial
peptides and gut microbiota in homeostasis and
pathology. EMBO Mol Med. 2013;5(10):1465–83
Epub 2013/09/17.

11. Underwood MA. Paneth cells and necrotizing
enterocolitis. Gut Microbes. 2012;3(6):562–5 Epub
2012/08/17.

12. Adolph TE, Tomczak MF, Niederreiter L, Ko HJ,
Bock J, Martinez-Naves E, et al. Paneth cells as a
site of origin for intestinal inflammation. Nature.
2013;503(7475):272–6 Epub 2013/10/04.

13. Neutra MR, Kraehenbuhl JP. The role of transep-
ithelial transport by M cells in microbial invasion

and host defense. J Cell Sci Suppl. 1993;17:209–15
Epub 1993/01/01.

14. Mabbott NA, Donaldson DS, Ohno H, Williams IR,
Mahajan A. Microfold (M) cells: important
immunosurveillance posts in the intestinal epithe-
lium. Mucosal Immunol. 2013;6(4):666–77 Epub
2013/05/23.

15. Barker N, van Es JH, Kuipers J, Kujala P, van den
Born M, Cozijnsen M, et al. Identification of stem
cells in small intestine and colon by marker gene
Lgr5. Nature. 2007;449(7165):1003–7 Epub
2007/10/16.

16. de Lau W, Barker N, Low TY, Koo BK, Li VS,
Teunissen H, et al. Lgr5 homologues associate with
Wnt receptors and mediate R-spondin signalling.
Nature. 2011;476(7360):293–7 Epub 2011/07/06.

17. Carmon KS, Gong X, Lin Q, Thomas A, Liu Q.
R-spondins function as ligands of the orphan
receptors LGR4 and LGR5 to regulate
Wnt/beta-catenin signaling. Proc Natl Acad
Sci USA. 2011;108(28):11452–7 Epub 2011/06/23.

18. Glinka A, Dolde C, Kirsch N, Huang YL, Kazan-
skaya O, Ingelfinger D, et al. LGR4 and LGR5 are
R-spondin receptors mediating Wnt/beta-catenin and
Wnt/PCP signalling. EMBO Rep. 2011;12
(10):1055–61 Epub 2011/09/13.

19. Bird RP. Observation and quantification of aberrant
crypts in the murine colon treated with a colon
carcinogen: preliminary findings. Cancer Lett.
1987;37(2):147–51 Epub 1987/10/30.

20. Lopez-Ceron M, Pellise M. Biology and diagnosis
of aberrant crypt foci. Colorectal Dis Official J
Assoc Coloproctol Great Br Irel. 2012;14(4):e157–
64 Epub 2011/12/21.

21. Takayama T, Katsuki S, Takahashi Y, Ohi M,
Nojiri S, Sakamaki S, et al. Aberrant crypt foci of
the colon as precursors of adenoma and cancer. New
England J Med. 1998;339(18):1277–84 Epub
1998/10/29.

22. Pretlow TP, Pretlow TG. Mutant KRAS in aberrant
crypt foci (ACF): initiation of colorectal cancer?
Biochim Biophys Acta. 2005;1756(2):83–96 Epub
2005/10/13.

23. Takayama T, Ohi M, Hayashi T, Miyanishi K,
Nobuoka A, Nakajima T, et al. Analysis of K-ras,
APC, and beta-catenin in aberrant crypt foci in
sporadic adenoma, cancer, and familial adenomatous
polyposis. Gastroenterology. 2001;121(3):599–611
Epub 2001/08/28.

24. Otori K, Sugiyama K, Hasebe T, Fukushima S,
Esumi H. Emergence of adenomatous aberrant crypt
foci (ACF) from hyperplastic ACF with concomitant
increase in cell proliferation. Cancer Res. 1995;55
(21):4743–6 Epub 1995/11/01.

25. Velho S, Haigis KM. Regulation of homeostasis and
oncogenesis in the intestinal epithelium by Ras. Exp
Cell Res. 2011;317(19):2732–9.

438 E.J. Poulin et al.



26. Patil D, Greenson J, RD O. Inflammatory disorders
of the large intestine. In: Odze RD, Goldblum JR,
editors. Odze and Goldblum Surgical pathology of
the GI tract, liver, biliary tract, and pancreas. Third
edition. ed: Saunders, Elsevier Inc. 2015. p. 460.

27. Update on the paris classification of superficial
neoplastic lesions in the digestive tract. Endoscopy.
2005;37(6):570–8. Epub 2005/06/04.

28. Riddell RH, Goldman H, Ransohoff DF, Appel-
man HD, Fenoglio CM, Haggitt RC, et al. Dysplasia
in inflammatory bowel disease: standardized classi-
fication with provisional clinical applications. Hum
Pathol. 1983;14(11):931–68 Epub 1983/11/01.

29. Schlemper RJ, Riddell RH, Kato Y, Borchard F,
Cooper HS, Dawsey SM, et al. The Vienna classi-
fication of gastrointestinal epithelial neoplasia. Gut.
2000;47(2):251–5.

30. Imperiale TF, Wagner DR, Lin CY, Larkin GN,
Rogge JD, Ransohoff DF. Results of screening
colonoscopy among persons 40 to 49 years of age.
N Engl J Med. 2002;346(23):1781–5 Epub
2002/06/07.

31. Winawer SJ, Zauber AG, Ho MN, O’Brien MJ,
Gottlieb LS, Sternberg SS, et al. Prevention of
colorectal cancer by colonoscopic polypectomy. The
National Polyp Study Workgroup. N Engl J Med.
1993;329(27):1977–81 Epub 1993/12/30.

32. Zauber AG, Winawer SJ, O’Brien MJ,
Lansdorp-Vogelaar I, van Ballegooijen M,
Hankey BF, et al. Colonoscopic polypectomy and
long-term prevention of colorectal-cancer deaths.
N Engl J Med. 2012;366(8):687–96 Epub 2012/02/24.

33. Levi GS, Harpaz N. Intestinal low-grade tubulog-
landular adenocarcinoma in inflammatory bowel
disease. Am J Surg Pathol. 2006;30(8):1022–9 Epub
2006/07/25.

34. Hornick J, Odze R. Polyps of the large intestine. In:
Odze RD, Goldblum JR, editors. Odze and Gold-
blum surgical pathology of the GI tract, liver, biliary
tract, and pancreas. Third edition. ed: Saunders,
Elsevier Inc; 2015. p. xix, 1612 pages.

35. Lieberman D. Colorectal cancer screening: practice
guidelines. Dig Dis. 2012;30(Suppl 2):34–8 Epub
2012/12/12.

36. Stryker SJ, Wolff BG, Culp CE, Libbe SD,
Ilstrup DM, MacCarty RL. Natural history of
untreated colonic polyps. Gastroenterology.
1987;93(5):1009–13 Epub 1987/11/01.

37. Roncucci L, Modica S, Pedroni M, Tamassia MG,
Ghidoni M, Losi L, et al. Aberrant crypt foci in
patients with colorectal cancer. Br J Cancer. 1998;77
(12):2343–8 Epub 1998/07/02.

38. Rosty C, Hewett DG, Brown IS, Leggett BA,
Whitehall VL. Serrated polyps of the large intestine:
current understanding of diagnosis, pathogenesis,
and clinical management. J Gastroenterol. 2013;48
(3):287–302 Epub 2012/12/05.

39. Snover DC. Update on the serrated pathway to
colorectal carcinoma. Hum Pathol. 2011;42(1):1–10
Epub 2010/09/28.

40. Huang CS, O’Brien MJ, Yang S, Farraye FA.
Hyperplastic polyps, serrated adenomas, and the
serrated polyp neoplasia pathway. Am J Gastroen-
terol. 2004;99(11):2242–55 Epub 2004/11/24.

41. Spring KJ, Zhao ZZ, Karamatic R, Walsh MD,
Whitehall VL, Pike T, et al. High prevalence of sessile
serrated adenomas with BRAF mutations: a prospec-
tive study of patients undergoing colonoscopy. Gas-
troenterology. 2006;131(5):1400–7 Epub 2006/11/15.

42. Glatz K, Pritt B, Glatz D, Hartmann A, O’Brien MJ,
Blaszyk H. A multinational, internet-based assess-
ment of observer variability in the diagnosis of
serrated colorectal polyps. Am J Clin Pathol.
2007;127(6):938–45 Epub 2007/05/19.

43. Farris AB, Misdraji J, Srivastava A, Muzikansky A,
Deshpande V, Lauwers GY, et al. Sessile serrated
adenoma: challenging discrimination from other
serrated colonic polyps. Am J Surg Pathol.
2008;32(1):30–5 Epub 2007/12/29.

44. Rex DK, Ahnen DJ, Baron JA, Batts KP, Burke CA,
Burt RW, et al. Serrated lesions of the colorectum:
review and recommendations from an expert panel.
Am J Gastroenterol. 2012;107(9):1315–29; quiz 4,
30. Epub 2012/06/20.

45. Bettington M, Walker N, Clouston A, Brown I,
Leggett B, Whitehall V. The serrated pathway to
colorectal carcinoma: current concepts and chal-
lenges. Histopathology. 2013;62(3):367–86 Epub
2013/01/24.

46. Singh H, Nugent Z, Demers AA, Kliewer EV,
Mahmud SM, Bernstein CN. The reduction in
colorectal cancer mortality after colonoscopy varies
by site of the cancer. Gastroenterology. 2010;139
(4):1128–37 Epub 2010/07/06.

47. Brenner H, Chang-Claude J, Seiler CM, Rickert A,
Hoffmeister M. Protection from colorectal cancer
after colonoscopy: a population-based, case-control
study. Ann Intern Med. 2011;154(1):22–30 Epub
2011/01/05.

48. Chan TL, Zhao W, Leung SY, Yuen ST. BRAF and
KRAS mutations in colorectal hyperplastic polyps
and serrated adenomas. Cancer Res. 2003;63
(16):4878–81 Epub 2003/08/28.

49. Kim KM, Lee EJ, Ha S, Kang SY, Jang KT,
Park CK, et al. Molecular features of colorectal
hyperplastic polyps and sessile serrated
adenoma/polyps from Korea. Am J Surg Pathol.
2011;35(9):1274–86 Epub 2011/08/13.

50. Goldstein NS. Serrated pathway and APC (conven-
tional)-type colorectal polyps: molecular-morphologic
correlations, genetic pathways, and implications for
classification. Am J Clin Pathol. 2006;125(1):146–53
Epub 2006/02/18.

51. Higashidani Y, Tamura S, Morita T, Tadokoro T,
Yokoyama Y, Miyazaki J, et al. Analysis of K-ras
codon 12 mutation in flat and nodular variants of
serrated adenoma in the colon. Dis Colon Rectum.
2003;46(3):327–32 Epub 2003/03/11.

52. Carr NJ, Mahajan H, Tan KL, Hawkins NJ,
Ward RL. Serrated and non-serrated polyps of the

22 Pathology and Molecular Pathology of Colorectal Cancer 439



colorectum: their prevalence in an unselected case
series and correlation of BRAF mutation analysis
with the diagnosis of sessile serrated adenoma.
J Clin Pathol. 2009;62(6):516–8 Epub 2009/01/08.

53. Kim KM, Lee EJ, Kim YH, Chang DK, Odze RD.
KRAS mutations in traditional serrated adenomas
from Korea herald an aggressive phenotype. Am J
Surg Pathol. 2010;34(5):667–75 Epub 2010/03/23.

54. East JE, Saunders BP, Jass JR. Sporadic and
syndromic hyperplastic polyps and serrated adeno-
mas of the colon: classification, molecular genetics,
natural history, and clinical management. Gastroen-
terology clinics of North America. 2008;37(1):25–
46, v. Epub 2008/03/04.

55. Kim JC, Choi JS, Roh SA, Cho DH, Kim TW,
Kim YS. Promoter methylation of specific genes is
associated with the phenotype and progression of
colorectal adenocarcinomas. Ann Surg Oncol.
2010;17(7):1767–76 Epub 2010/01/16.

56. Dyson JK, Rutter MD. Colorectal cancer in inflam-
matory bowel disease: what is the real magnitude of
the risk? World J Gastroenterol WJG. 2012;18
(29):3839–48 Epub 2012/08/10.

57. Harpaz N, Ward SC, Mescoli C, Itzkowitz SH,
Polydorides AD. Precancerous lesions in inflamma-
tory bowel disease. Best Pract Res Clin Gastroen-
terol. 2013;27(2):257–67 Epub 2013/07/03.

58. Rutter MD, Riddell RH. Colorectal dysplasia in
inflammatory bowel disease: a clinicopathologic
perspective. Clin Gastroenterol Hepatol Official Clin
Pract J Am Gastroenterological Assoc. 2014;12
(3):359–67 Epub 2013/06/13.

59. Berlin JW, Gore RM, Yaghmai V, Newmark GM,
Miller FH. Staging of colorectal cancer. Semin
Roentgenol. 2000;35(4):370–84 Epub 2000/11/04.

60. Washington MK, Berlin J, Branton P, Burgart LJ,
Carter DK, Fitzgibbons PL, et al. Protocol for the
examination of specimens from patients with pri-
mary carcinoma of the colon and rectum. Arch
Pathol Lab Med. 2009;133(10):1539–51 Epub
2009/10/02.

61. Messenger DE, Driman DK, Kirsch R. Develop-
ments in the assessment of venous invasion in
colorectal cancer: implications for future practice
and patient outcome. Hum Pathol. 2012;43(7):965–
73 Epub 2012/03/13.

62. Bosman FT, World Health Organization., Interna-
tional Agency for Research on Cancer. WHO
classification of tumours of the digestive system.
4th ed. Lyon: International Agency for Research on
Cancer;2010. 417 pp.

63. Verhulst J, Ferdinande L, Demetter P, Ceelen W.
Mucinous subtype as prognostic factor in colorectal
cancer: a systematic review and meta-analysis.
J Clin Pathol. 2012;65(5):381–8 Epub 2012/01/20.

64. Hyngstrom JR, Hu CY, Xing Y, You YN, Feig BW,
Skibber JM, et al. Clinicopathology and outcomes
for mucinous and signet ring colorectal adenocarci-
noma: analysis from the National Cancer Data Base.

Ann Surg Oncol. 2012;19(9):2814–21 Epub
2012/04/06.

65. Park ET, Oh HK, Gum JR Jr, Crawley SC, Kakar S,
Engel J, et al. HATH1 expression in mucinous
cancers of the colorectum and related lesions. Clin
Cancer Res Official J Am Assoc Cancer Res.
2006;12(18):5403–10 Epub 2006/09/27.

66. Fleming NI, Jorissen RN, Mouradov D, Christie M,
Sakthianandeswaren A, Palmieri M, et al. SMAD2,
SMAD3 and SMAD4 mutations in colorectal
cancer. Cancer Res. 2013;73(2):725–35 Epub
2012/11/10.

67. Takaku K, Oshima M, Miyoshi H, Matsui M,
Seldin MF, Taketo MM. Intestinal tumorigenesis in
compound mutant mice of both Dpc4 (Smad4) and
Apc genes. Cell. 1998;92(5):645–56 Epub
1998/03/20.

68. Yu M, Trobridge P, Wang Y, Kanngurn S, Mor-
ris SM, Knoblaugh S, et al. Inactivation of TGF-beta
signaling and loss of PTEN cooperate to induce
colon cancer in vivo. Oncogene. 2014;33(12):1538–
47 Epub 2013/04/23.

69. Messerini L, Palomba A, Zampi G. Primary
signet-ring cell carcinoma of the colon and rectum.
Dis Colon Rectum. 1995;38(11):1189–92 Epub
1995/11/01.

70. Psathakis D, Schiedeck TH, Krug F, Oevermann E,
Kujath P, Bruch HP. Ordinary colorectal adenocar-
cinomavs. primary colorectal signet-ring cell carci-
noma: study matched for age, gender, grade, and
stage. Dis Colon Rectum. 1999;42(12):1618–25
Epub 1999/12/29.

71. Hinoi T, Tani M, Lucas PC, Caca K, Dunn RL,
Macri E, et al. Loss of CDX2 expression and
microsatellite instability are prominent features of
large cell minimally differentiated carcinomas of the
colon. Am J Pathol. 2001;159(6):2239–48 Epub
2001/12/26.

72. Jessurun J, Romero-Guadarrama M, Manivel JC.
Medullary adenocarcinoma of the colon: clinico-
pathologic study of 11 cases. Hum Pathol. 1999;30
(7):843–8 Epub 1999/07/22.

73. Wick MR, Vitsky JL, Ritter JH, Swanson PE,
Mills SE. Sporadic medullary carcinoma of the
colon: a clinicopathologic comparison with non-
hereditary poorly differentiated enteric-type adeno-
carcinoma and neuroendocrine colorectal carcinoma.
Am J Clin Pathol. 2005;123(1):56–65 Epub
2005/03/15.

74. Winn B, Tavares R, Matoso A, Noble L, Fanion J,
Waldman SA, et al. Expression of the intestinal
biomarkers Guanylyl cyclase C and CDX2 in poorly
differentiated colorectal carcinomas. Hum Pathol.
2010;41(1):123–8 Epub 2009/10/06.

75. Sinicrope FA, Sargent DJ. Molecular pathways:
microsatellite instability in colorectal cancer: prog-
nostic, predictive, and therapeutic implications. Clin
Cancer Res Official J Am Assoc Cancer Res.
2012;18(6):1506–12 Epub 2012/02/04.

440 E.J. Poulin et al.



76. Alexander J, Watanabe T, Wu TT, Rashid A, Li S,
Hamilton SR. Histopathological identification of
colon cancer with microsatellite instability. Am J
Pathol. 2001;158(2):527–35 Epub 2001/02/13.

77. Smyrk TC, Watson P, Kaul K, Lynch HT.
Tumor-infiltrating lymphocytes are a marker for
microsatellite instability in colorectal carcinoma.
Cancer. 2001;91(12):2417–22 Epub 2001/06/20.

78. Bellizzi AM, Frankel WL. Colorectal cancer due to
deficiency in DNA mismatch repair function: a
review. Adv Anat Pathol. 2009;16(6):405–17 Epub
2009/10/24.

79. Jass JR. HNPCC and sporadic MSI-H colorectal
cancer: a review of the morphological similarities
and differences. Fam Cancer. 2004;3(2):93–100
Epub 2004/09/02.

80. Greenson JK, Huang SC, Herron C, Moreno V,
Bonner JD, Tomsho LP, et al. Pathologic predictors
of microsatellite instability in colorectal cancer.
Am J Surg Pathol. 2009;33(1):126–33 Epub
2008/10/03.

81. Chirieac LR, Shen L, Catalano PJ, Issa JP, Hamil-
ton SR. Phenotype of microsatellite-stable colorectal
carcinomas with CpG island methylation. Am J Surg
Pathol. 2005;29(4):429–36 Epub 2005/03/16.

82. Halling KC, French AJ, McDonnell SK, Burgart LJ,
Schaid DJ, Peterson BJ, et al. Microsatellite insta-
bility and 8p allelic imbalance in stage B2 and C
colorectal cancers. J Natl Cancer Inst. 1999;91
(15):1295–303 Epub 1999/08/05.

83. Gryfe R, Kim H, Hsieh ET, Aronson MD,
Holowaty EJ, Bull SB, et al. Tumor microsatellite
instability and clinical outcome in young patients
with colorectal cancer. N Engl J Med. 2000;342
(2):69–77 Epub 2000/01/13.

84. Lin CC, Lai YL, Lin TC, Chen WS, Jiang JK,
Yang SH, et al. Clinicopathologic features and
prognostic analysis of MSI-high colon cancer. Int J
Colorectal Dis. 2012;27(3):277–86 Epub
2011/11/15.

85. Li D, Peng X, Yan D, Tang H, Huang F, Yang Y,
et al. Msi-1 is a predictor of survival and a novel
therapeutic target in colon cancer. Ann Surg Oncol.
2011;18(7):2074–83 Epub 2011/03/29.

86. NCCN Guidelines Version 2.2016: Colon Cancer.
11/24/15. National Comprehensive Cancer Network,
Inc.2015. Printed on 24 May 2016

87. Makinen MJ. Colorectal serrated adenocarcinoma.
Histopathology. 2007;50(1):131–50 Epub
2007/01/06.

88. Garcia-Solano J, Perez-Guillermo M, Conesa-Zamora
P, Acosta-Ortega J, Trujillo-Santos J, Cerezuela-
Fuentes P, et al. Clinicopathologic study of 85
colorectal serrated adenocarcinomas: further insights
into the full recognition of a new subset of colorectal
carcinoma. Hum Pathol. 2010;41(10):1359–68 Epub
2010/07/03.

89. Mitrovic B, Schaeffer DF, Riddell RH, Kirsch R.
Tumor budding in colorectal carcinoma: time to take
notice. Mod Pathol Official J United States Can

Acad Pathol Inc. 2012;25(10):1315–25. Epub
2012/07/14.

90. Prall F. Tumour budding in colorectal carcinoma.
Histopathology. 2007;50(1):151–62 Epub
2007/01/06.

91. Horcic M, Koelzer VH, Karamitopoulou E, Terrac-
ciano L, Puppa G, Zlobec I, et al. Tumor budding
score based on 10 high-power fields is a promising
basis for a standardized prognostic scoring system in
stage II colorectal cancer. Hum Pathol. 2013;44
(5):697–705 Epub 2012/11/20.

92. Nosho K, Baba Y, Tanaka N, Shima K, Hayashi M,
Meyerhardt JA, et al. Tumour-infiltrating T-cell
subsets, molecular changes in colorectal cancer, and
prognosis: cohort study and literature review.
J Pathol. 2010;222(4):350–66 Epub 2010/10/12.

93. Mlecnik B, Tosolini M, Kirilovsky A, Berger A,
Bindea G, Meatchi T, et al. Histopathologic-based
prognostic factors of colorectal cancers are associ-
ated with the state of the local immune reaction.
J Clin Oncol Official J Am Soc Clin Oncol. 2011;29
(6):610–8 Epub 2011/01/20.

94. Bauer K, Nelius N, Reuschenbach M, Koch M,
Weitz J, Steinert G, et al. T cell responses against
microsatellite instability-induced frameshift peptides
and influence of regulatory T cells in colorectal
cancer. Cancer Immunol Immunother CII. 2013;62
(1):27–37 Epub 2012/06/26.

95. Lin SP, Lee YT, Yang SH, Miller SA, Chiou SH,
Hung MC, et al. Colon cancer stem cells resist
antiangiogenesis therapy-induced apoptosis. Cancer
Lett. 2013;328(2):226–34 Epub 2012/09/29.

96. Iovino F, Meraviglia S, Spina M, Orlando V,
Saladino V, Dieli F, et al. Immunotherapy targeting
colon cancer stem cells. Immunotherapy. 2011;3
(1):97–106 Epub 2010/12/23.

97. Sanders MA, Majumdar AP. Colon cancer stem
cells: implications in carcinogenesis. Front Biosci
(Landmark Ed). 2011;16:1651–62 Epub
2011/01/05.

98. Abdul Khalek FJ, Gallicano GI, Mishra L. Colon
cancer stem cells. Gastrointestinal cancer research:
GCR. 2010(Suppl 1):S16–23. Epub 2011/04/08.

99. Jain D, Riddell R. Small and large bowel polyps and
tumors. In: Riddell R, Jain D, editors. Lewin,
Weinstein and Riddell’s Gastrointestinal Pathology
and its Clinical Implications. Second ed: Lippincott
Williams & Wilkins; 2014.

100. O’Sullivan MJ, McCarthy TV, Doyle CT. Familial
adenomatous polyposis: from bedside to benchside.
Am J Clin Pathol. 1998;109(5):521–6 Epub
1998/05/12.

101. Al-Tassan N, Chmiel NH, Maynard J, Fleming N,
Livingston AL, Williams GT, et al. Inherited
variants of MYH associated with somatic G:C —
> T: A mutations in colorectal tumors. Nat Genet.
2002;30(2):227–32 Epub 2002/01/31.

102. Nielsen M, de Miranda NF, van Puijenbroek M,
Jordanova ES, Middeldorp A, van Wezel T, et al.
Colorectal carcinomas in MUTYH-associated

22 Pathology and Molecular Pathology of Colorectal Cancer 441



polyposis display histopathological similarities to
microsatellite unstable carcinomas. BMC Cancer.
2009;9:184 Epub 2009/06/17.

103. Nielsen M, Joerink-van de Beld MC, Jones N,
Vogt S, Tops CM, Vasen HF, et al. Analysis of
MUTYH genotypes and colorectal phenotypes in
patients With MUTYH-associated polyposis. Gas-
troenterology. 2009;136(2):471–6 Epub 2008/11/27.

104. Lubbe SJ, Di Bernardo MC, Chandler IP, Houl-
ston RS. Clinical implications of the colorectal
cancer risk associated with MUTYH mutation.
J Clin Oncol Official J Am Soc Clin Oncol.
2009;27(24):3975–80 Epub 2009/07/22.

105. Lindor NM. Hereditary colorectal cancer:
MYH-associated polyposis and other newly identi-
fied disorders. Best Pract Res Clin Gastroenterol.
2009;23(1):75–87 Epub 2009/03/05.

106. Huth C, Kloor M, Voigt AY, Bozukova G, Evers C,
Gaspar H, et al. The molecular basis of EPCAM
expression loss in Lynch syndrome-associated
tumors. Mod Pathol Official J US Canad Acad
Pathol Inc. 2012;25(6):911–6. Epub 2012/03/06.

107. Chan TL, Yuen ST, Kong CK, Chan YW, Chan AS,
Ng WF, et al. Heritable germline epimutation of
MSH2 in a family with hereditary nonpolyposis
colorectal cancer. Nat Genet. 2006;38(10):1178–83
Epub 2006/09/05.

108. Banno K, Kisu I, Yanokura M, Tsuji K, Masuda K,
Ueki A, et al. Epimutation and cancer: a new
carcinogenic mechanism of Lynch syndrome
(Review). Int J Oncol. 2012;41(3):793–7 Epub
2012/06/28.

109. Lagerstedt KK, Staaf J, Jonsson G, Hansson E,
Lonnroth C, Kressner U, et al. Tumor genome wide
DNA alterations assessed by array CGH in patients
with poor and excellent survival following operation
for colorectal cancer. Cancer Inform. 2007;3:341–55
Epub 2007/01/01.

110. Lynch HT, Lynch PM, Lanspa SJ, Snyder CL,
Lynch JF, Boland CR. Review of the Lynch
syndrome: history, molecular genetics, screening,
differential diagnosis, and medicolegal ramifications.
Clin Genet. 2009;76(1):1–18 Epub 2009/08/08.

111. Peltomaki P, Vasen H. Mutations associated with
HNPCC predisposition — Update of
ICG-HNPCC/INSiGHT mutation database. Dis
Markers. 2004;20(4–5):269–76 Epub 2004/11/06.

112. Woods MO, Williams P, Careen A, Edwards L,
Bartlett S, McLaughlin JR, et al. A new variant
database for mismatch repair genes associated with
Lynch syndrome. Hum Mutat. 2007;28(7):669–73
Epub 2007/03/10.

113. Bonadona V, Bonaiti B, Olschwang S, Grand-
jouan S, Huiart L, Longy M, et al. Cancer risks
associated with germline mutations in MLH1,
MSH2, and MSH6 genes in Lynch syndrome.
JAMA: J Am Med Assoc. 2011;305(22):2304–10.
Epub 2011/06/07.

114. Plaschke J, Kruger S, Jeske B, Theissig F,
Kreuz FR, Pistorius S, et al. Loss of MSH3 protein
expression is frequent in MLH1-deficient colorectal
cancer and is associated with disease progression.
Cancer Res. 2004;64(3):864–70 Epub 2004/02/12.

115. Laghi L, Bianchi P, Delconte G, Celesti G, Di
Caro G, Pedroni M, et al. MSH3 protein expression
and nodal status in MLH1-deficient colorectal
cancers. Clin Cancer Res Official J Am Assoc
Cancer Res. 2012;18(11):3142–53 Epub
2012/04/13.

116. Borras E, Pineda M, Blanco I, Jewett EM, Wang F,
Teule A, et al. MLH1 founder mutations with
moderate penetrance in Spanish Lynch syndrome
families. Cancer Res. 2010;70(19):7379–91 Epub
2010/09/23.

117. Vasen HF, Wijnen J. Clinical implications of genetic
testing of hereditary nonpolyposis colorectal cancer.
Cytogenet Cell Genet. 1999;86(2):136–9 Epub
1999/11/05.

118. Lindor NM, Rabe K, Petersen GM, Haile R,
Casey G, Baron J, et al. Lower cancer incidence in
Amsterdam-I criteria families without mismatch
repair deficiency: familial colorectal cancer type X.
JAMA J Am Med Assoc. 2005;293(16):1979–85.
Epub 2005/04/28.

119. Vasen HF. Clinical description of the Lynch
syndrome [hereditary nonpolyposis colorectal can-
cer (HNPCC)]. Fam Cancer. 2005;4(3):219–25
Epub 2005/09/02.

120. Felton KE, Gilchrist DM, Andrew SE. Constitutive
deficiency in DNA mismatch repair. Clin Genet.
2007;71(6):483–98 Epub 2007/06/02.

121. Wimmer K, Kratz CP. Constitutional mismatch
repair-deficiency syndrome. Haematologica.
2010;95(5):699–701 Epub 2010/05/06.

122. Jasperson KW, Samowitz WS, Burt RW. Constitu-
tional mismatch repair-deficiency syndrome present-
ing as colonic adenomatous polyposis: clues from
the skin. Clin Genet. 2011;80(4):394–7 Epub
2010/11/03.

123. Chen S, Wang W, Lee S, Nafa K, Lee J, Romans K,
et al. Prediction of germline mutations and cancer
risk in the Lynch syndrome. JAMA J Am Med
Assoc. 2006;296(12):1479–87. Epub 2006/09/28.

124. Watson P, Vasen HF, Mecklin JP, Bernstein I,
Aarnio M, Jarvinen HJ, et al. The risk of
extra-colonic, extra-endometrial cancer in the Lynch
syndrome. Int J Cancer J Int du Cancer. 2008;123
(2):444–9 Epub 2008/04/10.

125. Senter L, Clendenning M, Sotamaa K, Hampel H,
Green J, Potter JD, et al. The clinical phenotype of
Lynch syndrome due to germ-line PMS2 mutations.
Gastroenterology. 2008;135(2):419–28 Epub
2008/07/08.

126. Baglietto L, Lindor NM, Dowty JG, White DM,
Wagner A, Gomez Garcia EB, et al. Risks of lynch
syndrome cancers for MSH6 mutation carriers.

442 E.J. Poulin et al.



J Natl Cancer Inst. 2010;102(3):193–201 Epub
2009/12/24.

127. Vasen HF, Watson P, Mecklin JP, Lynch HT. New
clinical criteria for hereditary nonpolyposis colorec-
tal cancer (HNPCC, Lynch syndrome) proposed by
the international collaborative group on HNPCC.
Gastroenterology. 1999;116(6):1453–6 Epub
1999/05/29.

128. Umar A, Boland CR, Terdiman JP, Syngal S, de la
Chapelle A, Ruschoff J, et al. Revised Bethesda
guidelines for hereditary nonpolyposis colorectal
cancer (Lynch syndrome) and microsatellite insta-
bility. J Natl Cancer Inst. 2004;96(4):261–8 Epub
2004/02/19.

129. Kievit W, de Bruin JH, Adang EM, Ligtenberg MJ,
Nagengast FM, van Krieken JH, et al. Current
clinical selection strategies for identification of
hereditary non-polyposis colorectal cancer families
are inadequate: a meta-analysis. Clin Genet. 2004;65
(4):308–16 Epub 2004/03/18.

130. Hampel H, Frankel WL, Martin E, Arnold M,
Khanduja K, Kuebler P, et al. Screening for the
Lynch syndrome (hereditary nonpolyposis colorectal
cancer). N Engl J Med. 2005;352(18):1851–60 Epub
2005/05/06.

131. Moreira L, Balaguer F, Lindor N, de la Chapelle A,
Hampel H, Aaltonen LA, et al. Identification of
Lynch syndrome among patients with colorectal
cancer. JAMA J Am Med Assoc. 2012;308
(15):1555–65. Epub 2012/10/18.

132. Bartley AN, Luthra R, Saraiya DS, Urbauer DL,
Broaddus RR. Identification of cancer patients with
Lynch syndrome: clinically significant discordances
and problems in tissue-based mismatch repair test-
ing. Cancer Prev Res (Phila). 2012;5(2):320–7 Epub
2011/11/17.

133. Lindor NM, Burgart LJ, Leontovich O, Gold-
berg RM, Cunningham JM, Sargent DJ, et al.
Immunohistochemistry versus microsatellite insta-
bility testing in phenotyping colorectal tumors.
J Clin Oncol Official J Am Soc Clin Oncol.
2002;20(4):1043–8 Epub 2002/02/15.

134. Jiricny J. MutLalpha: at the cutting edge of
mismatch repair. Cell. 2006;126(2):239–41 Epub
2006/07/29.

135. Boland CR, Goel A. Microsatellite instability in
colorectal cancer. Gastroenterology. 2010;138
(6):2073–87 e3. Epub 2010/04/28.

136. McGivern A, Wynter CV, Whitehall VL, Kam-
bara T, Spring KJ, Walsh MD, et al. Promoter
hypermethylation frequency and BRAF mutations
distinguish hereditary non-polyposis colon cancer
from sporadic MSI-H colon cancer. Fam Cancer.
2004;3(2):101–7 Epub 2004/09/02.

137. Funkhouser WK Jr, Lubin IM, Monzon FA, Zehn-
bauer BA, Evans JP, Ogino S, et al. Relevance,
pathogenesis, and testing algorithm for mismatch
repair-defective colorectal carcinomas: a report of

the association for molecular pathology. J Mol
Diagn JMD. 2012;14(2):91–103 Epub 2012/01/21.

138. Bellcross CA, Bedrosian SR, Daniels E, Duquette D,
Hampel H, Jasperson K, et al. Implementing
screening for Lynch syndrome among patients with
newly diagnosed colorectal cancer: summary of a
public health/clinical collaborative meeting. Genet
Med Official J Am Coll Med Genet. 2012;14
(1):152–62 Epub 2012/01/13.

139. Buchanan D, Young J. A perspective on bi-allelic
MUTYH mutations in patients with hyperplastic
polyposis syndrome. Gastroenterology. 2009;136
(7):2407–8 Epub 2009/05/02.

140. Boparai KS, Dekker E, Polak MM, Musler AR, van
Eeden S, van Noesel CJ. A serrated colorectal
cancer pathway predominates over the classic WNT
pathway in patients with hyperplastic polyposis
syndrome. Am J Pathol. 2011;178(6):2700–7 Epub
2011/06/07.

141. Rosty C, Buchanan DD, Walsh MD, Pearson SA,
Pavluk E, Walters RJ, et al. Phenotype and polyp
landscape in serrated polyposis syndrome: a series
of 100 patients from genetics clinics. Am J Surg
Pathol. 2012;36(6):876–82 Epub 2012/04/19.

142. Schreibman IR, Baker M, Amos C, McGar-
rity TJ. The hamartomatous polyposis syndromes:
a clinical and molecular review. Am J Gastroenterol.
2005;100(2):476–90 Epub 2005/01/26.

143. Hezel AF, Bardeesy N. LKB1; linking cell structure
and tumor suppression. Oncogene. 2008;27
(55):6908–19 Epub 2008/11/26.

144. Perzin KH, Bridge MF. Adenomatous and carcino-
matous changes in hamartomatous polyps of the
small intestine (Peutz-Jeghers syndrome): report of a
case and review of the literature. Cancer. 1982;49
(5):971–83 Epub 1982/03/01.

145. Narita T, Eto T, Ito T. Peutz-Jeghers syndrome with
adenomas and adenocarcinomas in colonic polyps.
Am J Surg Pathol. 1987;11(1):76–81 Epub
1987/01/01.

146. Burkart AL, Sheridan T, Lewin M, Fenton H,
Ali NJ, Montgomery E. Do sporadic Peutz-Jeghers
polyps exist? Experience of a large teaching hospi-
tal. Am J Surg Pathol. 2007;31(8):1209–14 Epub
2007/08/02.

147. Suzuki S, Hirasaki S, Ikeda F, Yumoto E,
Yamane H, Matsubara M. Three cases of Solitary
Peutz-Jeghers-type hamartomatous polyp in the
duodenum. World J Gastroenterol WJG. 2008;14
(6):944–7 Epub 2008/02/02.

148. Calva D, Howe J. Juvenile Polyposis. In:
Riegert-Johnson DL, Boardman LA, Hefferon T,
Roberts M, editors. Cancer Syndromes. Bethesda
(MD);2009.

149. Brosens LA, Langeveld D, van Hattem WA,
Giardiello FM, Offerhaus GJ. Juvenile polyposis
syndrome. World J Gastroenterol WJG. 2011;17
(44):4839–44 Epub 2011/12/16.

22 Pathology and Molecular Pathology of Colorectal Cancer 443



150. van Hattem WA, Brosens LA, de Leng WW,
Morsink FH, Lens S, Carvalho R, et al. Large
genomic deletions of SMAD4, BMPR1A and PTEN
in juvenile polyposis. Gut. 2008;57(5):623–7 Epub
2008/01/08.

151. Fearon ER. Molecular genetics of colorectal cancer.
Annu Rev Pathol. 2011;6:479–507 Epub
2010/11/26.

152. Giardiello FM, Hamilton SR, Kern SE, Offer-
haus GJ, Green PA, Celano P, et al. Colorectal
neoplasia in juvenile polyposis or juvenile polyps.
Arch Dis Child. 1991;66(8):971–5 Epub
1991/08/01.

153. Rozen P, Samuel Z, Brazowski E. A prospective
study of the clinical, genetic, screening, and patho-
logic features of a family with hereditary mixed
polyposis syndrome. Am J Gastroenterol. 2003;98
(10):2317–20 Epub 2003/10/24.

154. Cheah PY, Wong YH, Chau YP, Loi C, Lim KH,
Lim JF, et al. Germline bone morphogenesis protein
receptor 1A mutation causes colorectal tumorigen-
esis in hereditary mixed polyposis syndrome. Am J
Gastroenterol. 2009;104(12):3027–33 Epub
2009/09/24.

155. O’Riordan JM, O’Donoghue D, Green A, Keegan D,
Hawkes LA, Payne SJ, et al. Hereditary mixed
polyposis syndrome due to a BMPR1A mutation.
Colorectal Dis Official J Assoc Coloproctol Great Br
Irel. 2010;12(6):570–3 Epub 2009/05/15.

156. Jaeger E, Leedham S, Lewis A, Segditsas S,
Becker M, Cuadrado PR, et al. Hereditary mixed
polyposis syndrome is caused by a 40-kb upstream
duplication that leads to increased and ectopic
expression of the BMP antagonist GREM1. Nat
Genet. 2012;44(6):699–703 Epub 2012/05/09.

157. Fearon ER, Vogelstein B. A genetic model for
colorectal tumorigenesis. Cell. 1990;61(5):759–67.

158. Loeb LA. A mutator phenotype in cancer. Cancer
Res. 2001;61(8):3230–9 Epub 2001/04/20.

159. Tomlinson IP, Novelli MR, Bodmer WF. The
mutation rate and cancer. Proc Natl Acad
Sci USA. 1996;93(25):14800–3 Epub 1996/12/10.

160. Tomlinson I, Bodmer W. Selection, the mutation rate
and cancer: ensuring that the tail does not wag the dog.
Nat Med. 1999;5(1):11–2 Epub 1999/01/12.

161. Jones S, Chen WD, Parmigiani G, Diehl F, Beeren-
winkel N, Antal T, et al. Comparative lesion
sequencing provides insights into tumor evolution.
Proc Natl Acad Sci USA. 2008;105(11):4283–8
Epub 2008/03/14.

162. Tomasetti C, Vogelstein B. Cancer etiology. Vari-
ation in cancer risk among tissues can be explained
by the number of stem cell divisions. Science.
2015;347(6217):78–81 Epub 2015/01/03.

163. Fearon ER, Vogelstein B. A genetic model for
colorectal tumorigenesis. Cell. 1990;61(5):759–67.

164. Lengauer C, Kinzler KW, Vogelstein B. Genetic
instabilities in human cancers. Nature. 1998;396
(6712):643–9 Epub 1999/01/01.

165. Rajagopalan H, Lengauer C. Aneuploidy and
cancer. Nature. 2004;432(7015):338–41 Epub
2004/11/19.

166. Kops GJ, Weaver BA, Cleveland DW. On the road
to cancer: aneuploidy and the mitotic checkpoint.
Nat Rev Cancer. 2005;5(10):773–85 Epub
2005/10/01.

167. Vogelstein B, Fearon ER, Kern SE, Hamilton SR,
Preisinger AC, Nakamura Y, et al. Allelotype of
colorectal carcinomas. Science. 1989;244
(4901):207–11 Epub 1989/04/14.

168. Comprehensive molecular characterization of
human colon and rectal cancer. Nature. 2012;487
(7407):330–7. Epub 2012/07/20.

169. Thiagalingam S, Laken S, Willson JK, Markow-
itz SD, Kinzler KW, Vogelstein B, et al. Mecha-
nisms underlying losses of heterozygosity in human
colorectal cancers. Proc Natl Acad Sci USA.
2001;98(5):2698–702 Epub 2001/02/28.

170. Wood LD, Parsons DW, Jones S, Lin J, Sjoblom T,
Leary RJ, et al. The genomic landscapes of human
breast and colorectal cancers. Science. 2007;318
(5853):1108–13 Epub 2007/10/13.

171. Seshagiri S, Stawiski EW, Durinck S, Modrusan Z,
Storm EE, Conboy CB, et al. Recurrent R-spondin
fusions in colon cancer. Nature. 2012;488
(7413):660–4 Epub 2012/08/17.

172. Powell SM, Zilz N, Beazer-Barclay Y, Bryan TM,
Hamilton SR, Thibodeau SN, et al. APC mutations
occur early during colorectal tumorigenesis. Nature.
1992;359(6392):235–7 Epub 1992/09/17.

173. Nusse R. Wnt signaling. Cold spring harbor per-
spectives in biology. 2012;4(5). Epub 2012/05/03.

174. Clevers H, Nusse R. Wnt/beta-catenin signaling and
disease. Cell. 2012;149(6):1192–205 Epub
2012/06/12.

175. Esteller M, Sparks A, Toyota M, Sanchez-Cespedes
M, Capella G, Peinado MA, et al. Analysis of
adenomatous polyposis coli promoter hypermethy-
lation in human cancer. Cancer Res. 2000;60
(16):4366–71 Epub 2000/09/02.

176. Bellis J, Duluc I, Romagnolo B, Perret C, Faux MC,
Dujardin D, et al. The tumor suppressor Apc
controls planar cell polarities central to gut home-
ostasis. J Cell Biol. 2012;198(3):331–41 Epub
2012/08/02.

177. Dikovskaya D, Li Z, Newton IP, Davidson I,
Hutchins JR, Kalab P, et al. Microtubule assembly
by the Apc protein is regulated by importin-beta —
RanGTP. J Cell Sci. 2010;123(Pt 5):736–46 Epub
2010/02/11.

178. Green RA, Kaplan KB. Chromosome instability in
colorectal tumor cells is associated with defects in
microtubule plus-end attachments caused by a
dominant mutation in APC. J Cell Biol. 2003;163
(5):949–61 Epub 2003/12/10.

179. Morin PJ, Vogelstein B, Kinzler KW. Apoptosis and
APC in colorectal tumorigenesis. Proc Natl Acad
Sci USA. 1996;93(15):7950–4 Epub 1996/07/23.

444 E.J. Poulin et al.



180. Downward J. Targeting RAS signalling pathways in
cancer therapy. Nat Rev Cancer. 2003;3(1):11–22
Epub 2003/01/02.

181. Campbell SL, Khosravi-Far R, Rossman KL,
Clark GJ, Der CJ. Increasing complexity of Ras
signaling. Oncogene. 1998;17(11 Reviews):1395–
413. Epub 1998/10/21.

182. Bos JL, Fearon ER, Hamilton SR, Verlaan-de
Vries M, van Boom JH, van der Eb AJ, et al.
Prevalence of ras gene mutations in human colorec-
tal cancers. Nature. 1987;327(6120):293–7 Epub
1987/05/03.

183. Vogelstein B, Fearon ER, Hamilton SR, Kern SE,
Preisinger AC, Leppert M, et al. Genetic alterations
during colorectal-tumor development. N Engl J
Med. 1988;319(9):525–32 Epub 1988/09/01.

184. Haigis KM, Kendall KR, Wang Y, Cheung A,
Haigis MC, Glickman JN, et al. Differential effects
of oncogenic K-Ras and N-Ras on proliferation,
differentiation and tumor progression in the colon.
Nat Genet. 2008;40(5):600–8 Epub 2008/04/01.

185. Wang Y, Velho S, Vakiani E, Peng S, Bass AJ,
Chu GC, et al. Mutant N-RAS protects colorectal
cancer cells from stress-induced apoptosis and
contributes to cancer development and progression.
Cancer Discov. 2013;3(3):294–307 Epub
2013/01/01.

186. Zenker M, Lehmann K, Schulz AL, Barth H,
Hansmann D, Koenig R, et al. Expansion of the
genotypic and phenotypic spectrum in patients with
KRAS germline mutations. J Med Genet. 2007;44
(2):131–5 Epub 2006/10/24.

187. Edkins S, O’Meara S, Parker A, Stevens C, Reis M,
Jones S, et al. Recurrent KRAS codon 146 muta-
tions in human colorectal cancer. Cancer Biol Ther.
2006;5(8):928–32 Epub 2006/09/14.

188. Cantley LC. The phosphoinositide 3-kinase pathway.
Science. 2002;296(5573):1655–7 Epub 2002/06/01.

189. Samuels Y, Velculescu VE. Oncogenic mutations of
PIK3CA in human cancers. Cell Cycle. 2004;3
(10):1221–4 Epub 2004/10/07.

190. Samuels Y, Diaz LA Jr, Schmidt-Kittler O, Cum-
mins JM, Delong L, Cheong I, et al. Mutant
PIK3CA promotes cell growth and invasion of
human cancer cells. Cancer Cell. 2005;7(6):561–73
Epub 2005/06/14.

191. Chalhoub N, Baker SJ. PTEN and the PI3-kinase
pathway in cancer. Annu Rev Pathol. 2009;4:127–
50 Epub 2008/09/05.

192. Rodriguez-Viciana P, Warne PH, Dhand R, Van-
haesebroeck B, Gout I, Fry MJ, et al.
Phosphatidylinositol-3-OH kinase as a direct target
of Ras. Nature. 1994;370(6490):527–32 Epub
1994/08/18.

193. Velho S, Oliveira C, Ferreira A, Ferreira AC,
Suriano G, Schwartz S Jr, et al. The prevalence of
PIK3CA mutations in gastric and colon cancer.
Eur J Cancer. 2005;41(11):1649–54 Epub
2005/07/05.

194. De Roock W, Claes B, Bernasconi D, De Schutter J,
Biesmans B, Fountzilas G, et al. Effects of KRAS,
BRAF, NRAS, and PIK3CA mutations on the
efficacy of cetuximab plus chemotherapy in
chemotherapy-refractory metastatic colorectal can-
cer: a retrospective consortium analysis. Lancet
Oncol. 2010;11(8):753–62 Epub 2010/07/14.

195. Vogelstein B, Kinzler KW. Cancer genes and the
pathways they control. Nat Med. 2004;10(8):789–99
Epub 2004/08/03.

196. Beroud C, Soussi T. The UMD-p53 database: new
mutations and analysis tools. Hum Mutat. 2003;21
(3):176–81 Epub 2003/03/06.

197. Russo A, Bazan V, Iacopetta B, Kerr D, Soussi T,
Gebbia N. The TP53 colorectal cancer international
collaborative study on the prognostic and predictive
significance of p53 mutation: influence of tumor site,
type of mutation, and adjuvant treatment. J Clin
Oncol Official J Am Soc Clin Oncol. 2005;23
(30):7518–28 Epub 2005/09/21.

198. Leslie A, Carey FA, Pratt NR, Steele RJ. The
colorectal adenoma-carcinoma sequence. Br J Surg.
2002;89(7):845–60 Epub 2002/06/26.

199. Grady WM, Markowitz SD. Genetic and epigenetic
alterations in colon cancer. Annu Rev Genomics
Hum Genet. 2002;3:101–28 Epub 2002/07/27.

200. Lamouille S, Xu J, Derynck R. Molecular mecha-
nisms of epithelial-mesenchymal transition. Nat Rev
Mol Cell Biol. 2014;15(3):178–96 Epub
2014/02/22.

201. Davis RJ, Welcker M, Clurman BE. Tumor sup-
pression by the Fbw7 ubiquitin ligase: mechanisms
and opportunities. Cancer Cell. 2014;26(4):455–64
Epub 2014/10/15.

202. Ionov Y, Peinado MA, Malkhosyan S, Shibata D,
Perucho M. Ubiquitous somatic mutations in simple
repeated sequences reveal a new mechanism for
colonic carcinogenesis. Nature. 1993;363
(6429):558–61 Epub 1993/06/10.

203. Thibodeau SN, Bren G, Schaid D. Microsatellite
instability in cancer of the proximal colon. Science.
1993;260(5109):816–9 Epub 1993/05/07.

204. Vilar E, Gruber SB. Microsatellite instability in
colorectal cancer-the stable evidence. Nat Rev Clin
Oncol. 2010;7(3):153–62 Epub 2010/02/10.

205. Dieringer D, Schlotterer C. Two distinct modes of
microsatellite mutation processes: evidence from the
complete genomic sequences of nine species.
Genome Res. 2003;13(10):2242–51 Epub
2003/10/04.

206. Jass JR. Hereditary Non-Polyposis Colorectal Can-
cer: the rise and fall of a confusing term. World J
Gastroenterol WJG. 2006;12(31):4943–50 Epub
2006/08/29.

207. Lu SL, Kawabata M, Imamura T, Akiyama Y,
Nomizu T, Miyazono K, et al. HNPCC associated
with germline mutation in the TGF-beta type II
receptor gene. Nat Genet. 1998;19(1):17–8 Epub
1998/05/20.

22 Pathology and Molecular Pathology of Colorectal Cancer 445



208. de Miranda NF, van Dinther M, van den Akker BE,
van Wezel T, ten Dijke P, Morreau H. Transforming
Growth Factor beta Signaling in Colorectal Cancer
Cells With Microsatellite Instability Despite Bial-
lelic Mutations in TGFBR2. Gastroenterology.
2015;148(7):1427–37 e8. Epub 2015/03/05.

209. Toyota M, Ahuja N, Ohe-Toyota M, Herman JG,
Baylin SB, Issa JP. CpG island methylator pheno-
type in colorectal cancer. Proc Natl Acad Sci USA.
1999;96(15):8681–6 Epub 1999/07/21.

210. Weisenberger DJ, Siegmund KD, Campan M,
Young J, Long TI, Faasse MA, et al. CpG island
methylator phenotype underlies sporadic microsatel-
lite instability and is tightly associated with BRAF
mutation in colorectal cancer. Nat Genet. 2006;38
(7):787–93 Epub 2006/06/29.

211. Rajagopalan H, Bardelli A, Lengauer C, Kinzler KW,
Vogelstein B, Velculescu VE. Tumorigenesis:
RAF/RAS oncogenes and mismatch-repair status.
Nature. 2002;418(6901):934. Epub 2002/08/29.

212. Oliveira C, Pinto M, Duval A, Brennetot C,
Domingo E, Espin E, et al. BRAF mutations
characterize colon but not gastric cancer with
mismatch repair deficiency. Oncogene. 2003;22
(57):9192–6 Epub 2003/12/12.

213. Davies H, Bignell GR, Cox C, Stephens P, Edkins S,
Clegg S, et al. Mutations of the BRAF gene in
human cancer. Nature. 2002;417(6892):949–54
Epub 2002/06/18.

214. Schetter AJ, Okayama H, Harris CC. The role of
microRNAs in colorectal cancer. Cancer J. 2012;18
(3):244–52 Epub 2012/06/01.

215. Madison BB, Jeganathan AN, Mizuno R,
Winslow MM, Castells A, Cuatrecasas M, et al.
Let-7 Represses Carcinogenesis and a Stem Cell
Phenotype in the Intestine via Regulation of Hmga2.
PLoS genetics. 2015;11(8):e1005408. Epub
2015/08/06.

216. Tu HC, Schwitalla S, Qian Z, LaPier GS, Yer-
malovich A, Ku YC, et al. LIN28 cooperates with

WNT signaling to drive invasive intestinal and
colorectal adenocarcinoma in mice and humans.
Genes Dev. 2015;29(10):1074–86 Epub 2015/05/10.

217. Schee K, Fodstad O, Flatmark K. MicroRNAs as
biomarkers in colorectal cancer. Am J Pathol.
2010;177(4):1592–9 Epub 2010/09/11.

218. Terzic J, Grivennikov S, Karin E, Karin M. Inflam-
mation and colon cancer. Gastroenterology.
2010;138(6):2101–14 e5. Epub 2010/04/28.

219. Karatzas PS, Gazouli M, Safioleas M,
Mantzaris GJ. DNA methylation changes in inflam-
matory bowel disease. Ann Gastroenterol Q Publ
Hellenic Soc Gastroenterol. 2014;27(2):125–32
Epub 2014/04/16.

220. Cooke MS, Evans MD, Dizdaroglu M,
Lunec J. Oxidative DNA damage: mechanisms,
mutation, and disease. FASEB J Official Publ Fed
Am Soc Exp Biol. 2003;17(10):1195–214 Epub
2003/07/02.

221. De Robertis M, Massi E, Poeta ML, Carotti S,
Morini S, Cecchetelli L, et al. The AOM/DSS
murine model for the study of colon carcinogenesis:
from pathways to diagnosis and therapy studies.
J Carcinog. 2011;10:9 Epub 2011/04/13.

222. Greten FR, Eckmann L, Greten TF, Park JM,
Li ZW, Egan LJ, et al. IKKbeta links inflammation
and tumorigenesis in a mouse model of
colitis-associated cancer. Cell. 2004;118(3):285–96
Epub 2004/08/06.

223. Grivennikov S, Karin E, Terzic J, Mucida D,
Yu GY, Vallabhapurapu S, et al. IL-6 and Stat3
are required for survival of intestinal epithelial cells
and development of colitis-associated cancer. Can-
cer Cell. 2009;15(2):103–13 Epub 2009/02/03.

224. Popivanova BK, Kitamura K, Wu Y, Kondo T,
Kagaya T, Kaneko S, et al. Blocking TNF-alpha in
mice reduces colorectal carcinogenesis associated
with chronic colitis. J Clin Investig. 2008;118
(2):560–70 Epub 2008/01/26.

446 E.J. Poulin et al.



23Epidemiology of Hepatocellular
Carcinoma

Francesca Giunchi, Francesco Vasuri
and Michelangelo Fiorentino

23.1 Clinical Picture

23.1.1 Symptoms

Apart from the specific symptoms of the under-
lying cirrhosis or chronic hepatitis that accom-
pany most hepatocellular carcinomas (HCC),
these tumors are generally asymptomatic at ear-
lier stages. Abdominal pain, weight loss, jaun-
dice, ascites, and other general symptoms may
appear in non-cirrhotic patients in advanced
cases, but they are often masked by the symp-
toms of hepatic decompensation in cirrhotic
patients [1, 2]. In the most advanced cases, signs
of visceral hemorrhage and hepatic or portal vein
thrombosis can appear. Patients with symp-
tomatic HCC are usually at advanced stage, and
not eligible for surgical therapy [2].

23.1.2 Diagnosis and Staging

In cirrhotic patients, imaging techniques and
serum Alpha-fetoprotein (AFP) are used for the
diagnosis of HCC, albeit the diagnosis of early
lesions (less than 1–2 cm in diameter) still

remains a challenge, and diagnostic biopsy is
frequently requested. The radiological and con-
trastographic characteristics of early and
advanced HCC go beyond the purposes of the
present chapter, and they will not be discussed.

According to the American Joint Committee
on Cancer (AJCC, 7th edition, 2010) [3], the
stage of HCC is related to tumor dimensions and
microvascular invasion.
• T1: solitary tumors without microvascular

invasion;
• T2: tumors with microvascular invasion or

multiple lesions less than cm 5 in diameter;
• T3a: multiple tumors more than cm 5 in

diameter;
• T3b: invasion of a major branch of the hep-

atic vein or portal vein;
• T4: direct invasion of adjacent organs (rather

than gallbladder) or perforation of the
peritoneum.

23.2 Descriptive Epidemiology

HCC is the most common primary liver cancer,
and represents one of the most frequent malig-
nancies in the world; each year 782,000 men and
women are diagnosed with the disease. It is the
fifth most common malignancy in men and the
eighth most common in women worldwide
[1, 4]. Age-standardized incidence and mortality
rates of HCC are much high in men than women
(Fig. 23.1a, b).
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Fig. 23.1 a A comparison of age-standardized mortality
rates (per 100,000) of HCC among men, across different
countries. Data are taken from the Globocan 2012
database. b A comparison of age-standardized mortality

rates (per 100,000) of HCC among women, across
different countries. Data are taken from the Globocan
2012 database
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23.2.1 Trends by Geography

The age-standardized incidence rates of HCC
show tremendous geographic differences, with a
relatively low incidence in Europe and North
America (2–7 per 100,000 cases per year), and a
higher incidence in East Asia and Africa (>20 per
100,000 cases per year) (Fig. 23.1a, b) [1]. More
than half (N = 395,000) of the cases of HCC
occur in China, where it is the second most
common cancer, primarily due to the endemic
presence of the Hepatitis B Virus (HBV) (de-
scribed under risk factors below) [4]. In Japan,
the high incidence is due to the high prevalence
of Hepatitis C virus (HCV) among the population
[5].

More than 80 % of all cases occur in devel-
oping countries. In Africa HCC is the 4th most
common cancer, with a particularly high inci-
dence in the sub-Saharan area [4, 5]. The age of
onset of HCC also varies considerably. In North
America, the mean age at the diagnosis of HCC
is 60 years, in Africa 35 years, and in Taiwan
around 50 years [1]. In low-risk populations, the
highest incidence of HCC is generally recorded
among individuals of 75 years or older. HCC is
rarely seen during the first 4 decades of life,
except in population where infection with HBV
is endemic.

23.2.2 Prognosis and Trends
in Mortality

HCC is a highly lethal cancer, and thus the
mortality rates of HCC shows the same geo-
graphic distribution of incidence [6]: over the last
decades HCC mortality has decreased in South-
ern European countries, but increased in former
low mortality areas of central and Northern
Europe. Trends in HCC mortality in the United
States (U.S.) and Australia were similar to those
observed in central and Northern Europe, with an
increased mortality rate in individuals 45–
64 years. These mortality changes across Europe
could be related to the decrease of HBV infection
rates after the adoption of vaccination programs
and the reduction of alcohol intake and tobacco

smoking in Southern Europe. On the other hand,
the increasing prevalence of HCV infection and
alcohol consumption explains the opposite trend
in central and Northern Europe. The increase of
diabetes and the consequent overweight and
obesity in several populations may have had a
role in the recent adverse outcomes in HCC
particularly in North America [7].

23.3 Pathogenesis and Risk Factors

HCC is a multistep process involving various
risk factors, leading to chronic liver damage and
genetic alterations. The most important single
risk factor for HCC is cirrhosis, which can occur
as a consequence of HBV and HCV infections as
well as hemochromatosis and α1-antitrypsin
deficit showed an independent risk of develop-
ing HCC [1]. Less studied independent risk fac-
tors include the exposure to aflatoxin and
hormones, and recently also tobacco smoking
has been shown to correlate with HCC [8].

23.3.1 Cirrhosis

Cirrhosis is a major health problem worldwide,
and apart from the clinical problem of the
end-stage disease, 80–90 % of HCC both in Asia
and in Western Countries are estimated to be
associated with this condition [9, 10]. The risk of
HCC among individuals with cirrhosis ranges
from 30 % at 5 years in Asian patients with
HCV-driven cirrhosis, 20 % in patients with
hemochromatosis, to 10 % for cirrhosis associ-
ated with alcohol and primary biliary disease
[10]. In Western countries, alcohol consumption
is a leading cause of cirrhosis, and its association
with HCC is reinforced by other causes of
chronic liver damage [11]. The oncogenic risk
of cirrhosis largely derives from the hyperpro-
liferative status of the regenerative hepatocytic
nodules, but other molecular mechanisms
have been proposed. For example, in cirrhotic
liver tissue the activated stellate cells are able to
activate both mitogen-activated protein kinase
and the phoshatidylinositol-3 kinase pathways
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in response to circulating and paracrine pro-
inflammatory cytokines (platelet-derived growth
factor and transforming growth factor-ß, among
others). Notably, the protein kinase and the
phoshatidylinositol-3 kinase pathways represent
the signal cascade typically seen in hepatocar-
cinogenesis [12].

In Western countries, with lower prevalence
of HBV infection, 15–20 % of HCC arises
without cirrhosis [13, 14]. HCC without cirrhosis
is more likely occurring among men, has a
bimodal distribution of age (peaking at 2nd and
7th decades) and a diagnosis typically at a
symptomatic advanced stage, compared to
patients with cirrhosis. Clinically, these HCC
differ as well, including presenting as single large
masses and lower serum α-fetoprotein level [13,
15]. Genomically, these cancers have a lower rate
of p53 mutation and a higher prevalence of β[-
beta]-catenin mutation, p14 inactivation and
global gene methylation [13].

Despite the higher stage at the diagnosis,
patients with non-cirrhotic HCC have a better
overall survival and disease-free survival than
cirrhotic patients, due to the underlying liver
conditions [14].

23.3.2 HBV

HBV is a Hepadnavirus infecting 350,000,000
people worldwide [5], representing the primary
cause of liver cirrhosis and HCC in Asia, Africa,
and South America, although incidence varies
considerably across countries [4, 16]. In endemic
areas such as China, HBV infection causes
approximately 80 % of HCC cases [6]. More-
over, HBV is associated with virtually all HCC
cases in children. In Western Countries where the
mass vaccination against HBV has taken place
since the 1980s, the incidence of HBV-related
hepatitis and HCC has lowered [17].

Eight different HBV genotypes have been
identified (A–H), with distinct geographical and
ethnic distribution. In Asia end-stage liver dis-
ease, cirrhosis, and HCC are much more associ-
ated with the genotype C than genotype B; in
Western Europe and North America genotype D

has a greater incidence in severe liver disease and
HCC than genotype A. Furthermore, recent data
associated genotype B with an earlier onset of
HCC and with a non-cirrhotic background [6].
The lifetime risk of developing HCC in patients
with chronic HBV liver disease is 10–25 % [18],
with a 20–30 years lag time from HBV infection
to diagnosis of HCC [19].

Most HBV-positive patients develop HCC in
a cirrhotic background, although there is evi-
dence of a direct carcinogenic effect of HBV in
non-cirrhotic patients: 20 % of all HBV-related
HCC developed in liver without cirrhosis and, in
some cases, even without chronic hepatitis [20].
Among the proposed mechanisms of this direct
viral carcinogenicity are the integration of the
double-stranded DNA of HBV in the genome of
the infected hepatocytes and the binding of the
product of the viral HBx gene to product of the
p53 gene causing its inactivation [21, 22]. HBx
does not bind the DNA but makes protein–pro-
tein interaction, triggering the transcriptional
activation of several viral and cellular promoters
and enhancers. HBx also deregulates the
expression of oncogenes (e.g., c-Myc and c-Jun),
cytokines and transcription factors, and modu-
lates cytoplasmic signal transduction pathways,
and is involved in a number of oncogenic effects
[20, 21, 23–25]. It was recently shown that HBX
may also have an important role in modulating
the epigenetic control of viral and cellular genes,
including a number of tumor suppressor genes
[18].

HBV-related HCC commonly exhibits a
higher rate of chromosomal abnormalities than
liver tumors linked to other risk factor, and it has
been suggested that HBV might generate geno-
mic instability either through viral DNA inte-
gration or the activity of its proteins [18].

23.3.3 HCV

Hepatitis C virus (HCV) is a single-stranded
RNA virus of the Flaviviridae family, with at
least six known genotypes characterized by high
genetic variability. The highest prevalence of
HCV infection worldwide is recorded in the
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Middle East and Africa, the lowest in Europe and
America [26]. In North America, Japan, and
some European countries like Italy and Spain,
HCV is the main risk factor of cirrhosis and HCC
[18]. The incidence of HCC in patients infected
with HCV was estimated up to 4 %, with a mean
time from HCV infection to the diagnosis of
HCC of 30 years [10, 27].

HCV-associated HCC arises almost invariably
in livers with cirrhosis, since there do not appear
to be direct carcinogenic roles in HCC [5] and
the pathogenesis is more likely to be related to
the HCV-driven chronic hepatitis and fibrosis.
HCV leads to chronic inflammation,
immune-mediate hepatocytes death, tissue dam-
age, fibrosis activation by hepatic stellate cells,
and replicative senescence due to telomerase
shortening. In addition, factors such as oxidative
stress, steatosis, and insulin resistance accelerate
the evolution to cirrhosis and HCC [28] There is
no evidence that the HCV integrates into the host
genome, although HCV proteins interact with
many host-cell proteins at a cytoplasmic level,
thereby influencing cell signaling, transcription,
proliferation, apoptosis, and translational regu-
lation [29]. In vitro studies show a possible
oncogenic role for four HCV proteins: core
protein, NS3, NS5b, and NS5a [21, 23, 29, 30].
In particular, HCV core protein and NS3 are able
to modulate the expression of p21 and p53, with
alterations in the apoptosis and cell proliferation
[23]. Another proposed mechanism for HCV
carcinogenesis is an increased cellular oxidative
stress by compromising the endoplasmic reticu-
lum [23].

23.3.4 Hemochromatosis

Hemochromatosis is a relatively frequent meta-
bolic disorder leading to iron accumulation and
cirrhosis, and it is associated with an increased
risk of developing HCC, compared to the general
population [2]. HCC accounts for as many as
45 % of disease-related deaths in patients afflic-
ted by hemochromatosis; the estimated risk of
HCC in hemochromatosis is 8–10 % in most
studies, although lower risk (as low as 1.7 %) has

been recorded [31]. Although the effect of
hemochromatosis is largely attributed to its effect
on cirrhosis, some studies have found that
intracellular iron overload can have a role in
HCC pathogenesis [32]. HCC in hemochro-
matosis is commonly attributed to the iron
overload in the hepatocytes that leads to direct
oxidative damage by the creation of free radicals:
this damage associated with an activation of
stellate cells leads to liver fibrosis, cirrhosis, and
then HCC [33]. Very recently, a “two-hit”
hypothesis has been proposed from the obser-
vation of iron-free dysplastic nodules and HCC:
according to this hypothesis the tumor initiation
might be represented by the iron overload lead-
ing to cirrhosis and a second step, tumor pro-
motion, might be represented by the proliferation
of iron-free malignant hepatocytes in the effort to
avoid the citotoxic effect of iron [28].

23.3.5 Aflatoxin B1

Aflatoxin B1 is a toxin produced by fungi of the
Aspergillus family, and can be present in con-
taminated foods including wheat, nuts, and corn.
It is found in moist climates, including parts of
Asia and sub-Saharan Africa. Among the four
known Aflatoxins (B1, B2, G1 and G2), Afla-
toxin B1 is the most potent hepatocarcinogen in
animal models [7].

High levels of Aflatoxin B1 are linked to a
high risk of developing HCC, in particular, in
association with chronic hepatitis of other eti-
ologies, HBV above all [33, 34]. Prospective
studies in Chinese populations showed that the
urinary excretion of Aflatoxin metabolites was
associated with a fourfold increase of risk of
developing HCC. HBV-positive subjects who
also excreted Aflatoxin metabolites had as much
as a 60-folder increased risk of HCC [6]. Chan-
ges in food policy and economic development
have led to a decline in the Aflatoxin exposure in
some endemic regions, such as Taiwan and
selected China areas with a consequent reduction
in HCC mortality [7].

Aflatoxin is metabolized in AFB1–5,9-oxide
by cytochromes, and this active form of the toxin
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binds the DNA, causing mutations in the
onco-suppressor gene TP53, mutations which are
highly represented in the HCC arisen in patients
exposed to the toxin [4, 19, 35].

23.3.6 Other Risk Factors

Alcohol: Heavy alcohol intake (>50–70 g/day,
less in women) is likely to be independently
associated with an increased risk of HCC. While
alcoholic cirrhosis is associated with the risk of
developing HCC, the direct hepatocarcinogenic
role of alcohol is unknown, especially in the
non-cirrhotic livers [28]. There is evidence of a
synergistic effect between heavy alcohol intake
and HCV or HBV infection [6]. Ethanol showed
no direct carcinogenic effects in mice and rats,
but acetaldehyde, an ethanol metabolite, has
demonstrated carcinogenic properties through
DNA binding. Production of acetaldehyde
depends on CYP2E1, a cytochrome induced by
ethanol consumption, which converts the ethanol
into acetaldehyde but also in reactive oxygen
species. Chronic oxidative stress induced by
ethanol intake and cytokine production, in the
context of chronic inflammation, could lead to
the accumulation of reactive species of oxygen,
lipid peroxidation, and the creation of DNA
adducts [28]. Other proposed mechanisms of
alcohol-mediated carcinogenesis are represented
by downregulation of retinoic acid levels and
modulation of DNA methylation [28].

Metabolic disorders: Diabetes, obesity, and
lipid disorders can lead to nonalcoholic steato-
hepatitis (NASH) and both diabetes and obesity
are associated with a two to threefold increased
risk of HCC. Epidemiological studies have
demonstrated an association between diabetes
and an increased risk of HCC (as well as
HCC-related mortality), compared to
non-diabetic cirrhotic patients. Changes in hep-
atic activity related to metabolic alterations or
impaired liver function in diabetics are a possible
explanation of this association [12]. In particular,
diabetes increases the risk of nonalcoholic fatty
liver disease that can evolve through NASH to
fibrosis and then to HCC [7].

The pathogenesis of NASH and diabetes is
related to various factor that caused the activation
of insulin-mediated proliferative pathways,
release of specific cytokines, intracellular lipid
species, oxidative stress, and mitochondrial
damage, with mutations of p53 and other genes
[2, 36]. Moreover, hyperinsulinemia and insulin
resistance cause an upregulation of the
insulin-like growth factor-1 system, which stim-
ulates cellular proliferation and inhibits apoptosis
within the liver [7].

Hormones: The use of contraceptive steroids
has been reported to play a possible role in liver
carcinogenesis [37]. Albeit demonstrated in
mouse models [38], the relationship between sex
hormones and HCC in patients without other
causes of liver damage is still much less clear
than hepatocellular adenoma, and the long-term
public-health implication of any modest excess
liver cancer risk among current oral contracep-
tive users is likely to be small [7].

Cigarette smoking: Several studies analyzed
the relationship between cigarette smoking and
HCC, with discordant results. Among the studies
describing positive associations, most found that
the effects were limited to individuals with HBV
and HCV infection: meta-analyses that evaluated
the interaction among HBV, HCV, cigarette
smoking, and HCC revealed a more than additive
interaction between HBV and smoking and a
more than multiplicative interaction between
HCV and smoking [6, 7].

The molecular epidemiology of HCC is still
largely unexplored and the available data today is
derived mainly from selected geographical areas.
Further studies involving larger and varied
well-annotated populations with stronger func-
tional evidences could provide potential germline
biomarkers for HCC risk assessment.

23.4 Summary

Epidemiological studies have established several
of the major causes of HCC, including HBV,
HCV, alcohol, obesity, and exposure to aflatoxin.
Virtually all of these risk factors are avoidable or
modifiable, and thus a substantial proportion of
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the burden of HCC could be reduced. The
prevalence of these diverse risk factors varies
across countries and accounts for the observed
geographic variability of this cancer. The devel-
opment of liver cirrhosis is likely to represent the
key mechanism of action in all these risk factors,
at least in most HCC cases.
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24The Pathology and Molecular
Pathology of Hepatocellular
Carcinoma

Francesco Vasuri, Francesca Giunchi
and Michelangelo Fiorentino

24.1 Introduction

In this chapter, we begin by introducing the
embryology and anatomy of the normal human
liver. Next, we discuss the histology and molec-
ular pathology of precursor lesions including
regenerative and dysplastic liver nodules. We
subsequently concentrate on the macro- and
microscopic features of hepatocellular carcinoma
and conclude with a discussion of the molecular
pathways involved in hepatocarcinogenesis.

24.2 Liver Embryology

Human liver develops at the end of the third
gestational week of the human embryo. The liver
bud (“hepatic diverticulum”) derives from the
endodermal tissue of the distant foregut, next to
the duodenal bud. The hepatic bud is originally a
hollow structure, then it merges with the mes-
enchymal tissue derived from the septum
transversum and the coelomic cavity, acquiring
the shape of a solid organ at the 4–5th gestational

week. Mature liver stroma, capsule, hematopoi-
etic elements, and Kupffer cell derive from this
mesenchymal component. At this time the
development of the sinusoidal system occurs:
from the liver bud, buds of endothelial sinusoidal
cells develop radially throughout the mesenchy-
mal component. After the 4th week, a portion of
the liver bud which has not merged in the septum
transversum gives rise to the extrahepatic biliary
tree, including the cystic duct and the gallblad-
der. The synthesis of α[alpha]-fetoprotein by
hepatoblasts starts very early, at the 4–5th week,
while glycogen storage begins at the 8th gesta-
tional week [1]. Apart from α[alpha]-fetoprotein,
bipotential hepatoblasts, precursors of both hep-
atocyte and cholangiocytes, express HNF4α[al-
pha], keratin 8 (K8), K18, K19, K14, E-cadherin,
EpCAM, CD133, DLK1, and synthesize Albu-
min transcripts [2]. The bile canaliculi appear as
spaces lined by hepatoblasts in the 5–6th week,
when the epithelial cells in contact with the
mesenchyma surrounding the portal vein gener-
ate the ductal plate, that in turn gives rise to the
intrahepatic biliary tree [3]. According to some
authors, the ductal plate harbors the fetal hepatic
stem cells, within the bipotential hepatoblasts:
these stem cells are negative for both Albumin
transcripts and α[alpha]-fetoprotein, and express
stemness markers such as CD133, CD90 CD34,
and c-Kit, in addition to Claudin-3, NCAM1, and
EpCAM [4]. Fetal hepatic stem cells are able to
generate hepatoblasts in vitro [5].
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During the 6th gestational week, hematopoi-
esis becomes visible and by the 12th week the
liver becomes the main hematopoietic organ of
the fetus. Within the third trimester the hepatic
liver hemopoietic function stops (Fig. 24.1).

From 5th to 9th gestational week a rapid
growing of the organ is seen, with the liver
reaching up to 10 % of the overall embryo
weight. At the third trimester this growth slack-
ens, and the liver reaches the 5 % of the final
newborn’s weight [3]. The development of
intrahepatic biliary tree proceeds centrifugally
from the porta hepatis to the peripheral branches
of portal tracts. At birth, the biliary system is still
not fully developed, and Keratin 7-positive
structures may not be visible in peripheral por-
tal structures until the first month after birth [1].

Many molecules and several molecular path-
ways have been identified to play a role in liver
development. The Nodal signaling pathway—in-
cluded in the TGFβ[beta] family—is involved in
the progression of the definitive endoderm, via
Alk4, Alk7, or ActRII A and B, driving the com-
mitment of the endodermic andmesodermic layers
[2]. The Nodal signaling is finely regulated by
several molecules, such as fibroblast growth factor

(FGF) or bone morphogenetic protein (BMP) [2].
The foregut formation in animal models seems to
be related to the low expression of β[beta]-catenin
in the anterior side of endoderm during gastrula-
tion phase: the low β[beta]-catenin activity in this
region causes an upregulation of the Wnt antago-
nists of the secreted frizzled-related protein
(SFRP) family, as well as DKK-1, key molecules
in foregut development [2].

The bipotential differentiation od hepatoblasts
in hepatocyte or biliocyte is regulated by TGFβ
[beta], Wnt, Notch, FGF, and BMP, among oth-
ers. In particular, an increased TGFβ[beta]
activity around the portal tracts together with an
increased activity of the Notch and FGF signaling
are linked to biliocyte differentiation and prolif-
eration, while the HGF and TNFα[alpha] signal-
ing promote hepatocyte differentiation [6, 7].

Furthermore, mouse models revealed other
mechanisms involved in the following phases of
hepatocytic differentiation, including Wnt sig-
naling, FGF, BMP, and FoxA2 [2, 8–10], while
c-Jun, the hepatoma-derived growth factor
(HDGF), the nuclear factor kB (NFkB), the c-Met
pathway, and HNF4α[alpha] were all described
during the phases of liver growing [11, 12].

Fig. 24.1 Fetal liver (3° trimester). a Periportal space (arrowhead) and hepatic vein (arrow). b Intrahepatic
hemopoiesis and mature biliary ducts (arrow) haematoxylin–eosin stain
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24.3 Anatomy and Histology
of the Liver

In adults, the liver accounts for approximately
the 2 % of the total body weight, with a mean
weight of 1400–1600 g [3]. The liver is located
in the right upper quadrant of the abdomen,
completely covered by the ribs in nonpathologi-
cal conditions. The canonical anatomic division
of the liver includes a right and a left lobe,
respectively, lateral and medial to the falciform
ligament, as well as the smaller quadrate and
caudate lobes. This topographical division has
been progressively replaced by the more recent
division in eight functional segments: each seg-
ment depends on specific branches of the hepatic
artery, the portal vein, and the biliary tree. Thus,
this division follows the anatomy of the vascular
and biliary branching and not the gross anatomy
of the organ. Therefore, it is important for sur-
gical reasons, especially when small portions of
the liver parenchyma must be resected. Accord-
ing to the segmental division, the liver is not
divided in left and right lobes (with the falciform
ligament as mark), but in left and right hemiliver,
according to the first branching of the portal
vein at hilum. The left hemiliver incorporates

segments II, III, and IV, the right hemiliver the
V, VI, VII, and VIII; caudate lobe is segment I.
According to some authors, the quadrate lobe
should be regarded as a separate segment [1, 13].

Histologically, the liver lobule was described
as the fundamental unit of the liver since sev-
enteenth century [1]: the canonical lobule is
conceived as an hexagon with portal tracts in
each angle—each made by a terminal branch of
the liver artery, a terminal branch of the portal
vein, and a bile duct—and a central vein. The
modern acinar concept was introduced by Rap-
paport in the middle-twentieth century: the
“Rappaport acinus” is seen as a triangle, with two
portal tracts in two angles and the hepatic vein
(called “terminal vein”) in the third (Fig. 24.2).
This approach is more functional, since it is
based on the blood flow (and the hepatocyte
oxygenation), which goes from the portal tracts
to the terminal vein dividing the hepatocytes
layers into three zones, from “zone 1” (closer to
the portal tract and more oxygenated) to “zone 3”
(closer to the vein and less oxygenated) [14].
Although many other systems have been pro-
posed for the classification of the liver functional
unit, the “Rappaport acinus” still represents the
most utilized since it provides a strong link

Fig. 24.2 The “Rappaport
acinus” in a liver with
normal architecture is
represented as a triangle,
with two portal tracts in
two angles and the terminal
vein in the third, according
to the blood flow.
Haematoxylin–eosin stain
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between liver microanatomy and liver pathology
(e.g., fibrosis progression, toxic and ischemic
damage, etc.) [1].

In adults, hepatocytes are large polygonal
cells, with wide eosinophilic cytoplasms, dis-
posed in one-cell thick layers. Each heaptocyte
has vascular and biliary “poles” that are properly
shaped to create the sinusoids and the terminal
bile ductules when the cells are juxta posed in
layers. The sinusoids form a vascular network
between these hepatocyte plates, surrounding
them with a very specialized endothelium, with
sieve-like cytoplasm and without a continuous
basal membrane, that leads the blood flow
toward the terminal veins. The biliary spaces
created between two hepatocytes bring the bile
toward the portal tracts where it flows into the
bile ductules [3]. All these microanatomical
features warrant the interrelations among hepa-
tocytes portal blood flow and bile flow.

24.4 Histopathology of Precursor
Lesions: Regenerative
Nodules and Dysplastic
Nodules

Liver cirrhosis represents the main clinical con-
dition leading to hepatocellular carcinoma
(HCC) in developed countries (Fig. 24.3). Foci
of cells with atypical features can be present in
cirrhotic regenerative nodules (RNs). Although
these hepatocytes may be enlarged with promi-
nent nuclei, their nucleus-to-cytoplasm (NC) ra-
tio is generally preserved with only a little
reduction of the amount of cytoplasm present.
These features can be ascribed to hepatocyte
degenerative and/or regenerative changes rather
than to true cell dysplasia [15]. Therefore, the
diagnosis of dysplasia is recommended only
when these changes involve an entire liver nod-
ule or at least a large focus within a nodule [16].

The distinction between a large RN and a
low-grade dysplastic nodule (LGDN) is not
achievable at the clinical or histopathological
level, since the only significant difference is that
an LGDN is clonal while an RN is not. Because

clonality assays are expensive and time-
consuming, and since an LGDN is considered a
lesion with very low risk of progression to HCC,
the distinction between an RN and an LGDN is
considered of little clinical relevance. These
lesions are by definition bigger than 1 cm in size
(alternatively, they must be clearly identifiable in
the cirrhotic parenchyma regardless of size), and
should lack the histological and architectural
characteristics of a high-grade dysplastic nodule
(HGDN) [17, 18]. LGDNs still display hepato-
cyte plates no more than two-cell thick, without
trabeculae or acinar structures and surrounded by
a preserved reticulin network. The portal struc-
tures are readily recognizable within the nodules.

HGDNs are macroscopically similar to RNs
and LGDNs, but they are characterized by dys-
plastic cytology. Histologically, these nodules
are often hypercellular [19]. HGDNs may focally
loose the reticulin network, with hepatocellular
plates comprised of three or more cells in
thickness. Unpaired arteries can be seen associ-
ated with an increased sinusoidal endothelial-
ization [20]. These subtle features may not
always be visible a small biopsy, making diag-
nosis challenging when diagnostic specimen are
limited. The most important differential diagnosis
of a HGDN is with early HCC (eHCC). This will
be discussed below.

Fig. 24.3 Gross features of a cirrhotic liver: the
parenchyma is replaced by regenerative nodules, with
evidence of a major HCC nodule (orange arrow); a
distant neoplastic thrombosis is visible as well (red
arrow)
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24.4.1 Molecular Pathology
of Precursor Lesions

The process of tumor initiation and progression in
cirrhosis is well established. Progressive accu-
mulation of genetic and epigenetic abnormalities
marks the temporal steps of hepatocarcinogenesis
[1]. In the early stages of hepatocarcinogenesis
the epigenetic mechanisms of gene expression
upregulation prevail, involving particularly the
transforming growth factor-α[alpha] (TGF α[al-
pha]) and the insulin-like growth factor-2
(IGF-2). Chronic hepatitis (both viral and nonvi-
ral) and cirrhosis are considered predisposing
situations, since the combined action of inflam-
matory cytokines, viral transactivation, and
regenerative response can determine changes in
telomerase length, gene methylation, microsatel-
lite instability, and fraction of alleles that were
observed both in hepatocytes during chronic
inflammation and cirrhosis, and in dysplastic
nodules as well as HCC [21]. In these inflam-
matory situations there is an increased expression
of DNA methyltransferases (DNMTs), that cat-
alyze the methylation and demethylation of CpG
groups, and both DNMT1 and DNMT3a are
upregulated in HCC [21].

Loss of heterozygosity (LOH) and microsa-
tellite instability (MSI) are detectable in preneo-
plastic liver lesions, with the most frequent
deletion occurring at 8p, both in HGDNs and
HCC. Similarly, RNs, dysplastic nodules, and
adjacent HCC may share an MSI phenotype at
identical loci and similar allelic deletions or gene
mutations. Oncogene activation (v-akt homolog
2), loss of tumor suppressor genes (WT1, RB1),
and DNA repair genes are deregulated in HGDN.
Similarly, the expression at the protein level of
growth factors (EGFR, IGFBP3) cytokines,
adhesion proteins, signal transduction proteins,
transcription factors, and housekeeping genes is
altered in precursor and neoplastic hepatocellular
lesions [1, 21–23]. The AKT-mTORC1 signaling
pathway is activated in cirrhotic liver with and
without HCC. As a result, increased expression

of phospho-S6 (an AKT effector) was observed,
while PTEN staining was negative in 24 % of
HCC cases [23].

Allelic deletions are rare in chronic hepatitis
and cirrhosis, but their number steadily increases
in dysplastic nodules and in HCC and that sug-
gests that HCCs often arise as clonal outgrowths
of cirrhotic (dysplastic) nodules. Although sev-
eral of the these structural alterations in preneo-
plastic cell populations differ from those found in
adjacent HCCs, suggesting that most of the cells
harboring the early genomic aberrations do not
evolve into the malignant phenotype [21].

Hepatocyte dysplasia, especially the “large-
cell” HGDN, is often accompanied by alterations
that can also be found in HCC, such as telomerase
shortening, microsatellite instability, inactivation
of cell cycle checkpoints CDKN2A and
CDKN1A, resulting in increased proliferation
index [22]. However, the most common genetic
alterations in HCC (i.e., β[beta]-catenin or TP53
mutations) have never been described in preneo-
plastic liver lesions [24].

24.5 Hepatocellular Carcinoma

24.5.1 Gross Appearance

The macroscopic features of HCC largely depend
on the status of the surrounding liver. In cirrhotic
livers, HCC is seen as a single lesion or asmultiple
lesions, and is encapsulated, resembling larger
cirrhotic nodules (Fig. 24.3). The neoplastic
nodules are soft, with a grayish-white to greenish
color, according to the amount of bile content. The
macroscopic diagnosis of HCC in a cirrhotic
background is not always easy, especially in
eHCC < 2 cm in size. HCC in noncirrhotic livers
is usually a single large mass, with irregular,
poorly defined borders, sometimes with satellite
lesions and grossly visible vascular invasion.
Vascular invasion is a common feature of any
HCC at the time of diagnosis, involving the portal
and the hepatic veins, or the vena cava [15].
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24.5.2 Histopathology of “Early HCC”

Small nodules (≤2 cm) within a cirrhotic back-
ground with the architectural and cytologic
atypical of a HGDN, but affecting 100 % of the
cells, is classified as (eHCC) [19]. eHCC is by
definition grade 1 according to the Edmondson
and Steiner grading system (see below). At a
histological level, hypercellularity, loss of retic-
ulin staining, and the presence of hepatocellular
trabeculae more than two-cell thick are helpful
diagnostic criteria if present throughout. In
addition, no portal tracts are visible within the
lesion. Nearly half of eHCCs show fatty changes
(macrovescicular steatosis) [24]. An important
diagnostic feature is the occurrence of stromal
invasion, defined as the presence of HCC cells in
the stroma of the surrounding portal tracts (or in
fibrous septa) [25]. Although stromal invasion is
the most specific histological feature for the
diagnosis of eHCC, it is not always recognizable
on needle biopsies, and even when present, it is
difficult to distinguish from non-neoplastic hep-
atocytes entrapped within the fibrosis.

24.5.3 Histopathology of Advanced
HCC

Unlike many other solid tumors the neoplastic
cells in HCC are quite similar to the non-
neoplastic hepatocytes, i.e., they are polygonal
cells with a variable amount of eosinophilic
granular cytoplasm and large polymorphic
vesicular nuclei, with open chromatin and one or
more prominent nucleoli. Many cell features seen

in not-neoplastic hepatocytes are common also in
HCC, such as Mallory bodies, hyaline bodies,
glycogen inclusions, fatty changes, bile produc-
tion, and nuclear inclusions [15].

HCCs are routinely graded according to the
original Edmondson and Steiner system of 1954
[26]. Like the grading systems of other cancers,
Edmondson and Steiner’s is based on the dedif-
ferentiation of the neoplastic hepatocytes, i.e.,
their progressive loss of resemblance with the
normal hepatocyte (Fig. 24.4). More practically,
the grade of HCC is based on the nuclear-to-
cytoplasmic ration, nuclear hyperchromasia, and
cell polymorphism. Grade 1 HCCs are charac-
terized by neoplastic hepatocytes with preserved
eosinophilic cytoplasms, mild (or no) atypia,
while in grade 2 and 3 HCCs a progression of the
above-mentioned features is observed. Grade 4
HCCs include anaplastic, small-cell and giant-
cell tumors.

The architectural appearance of HCC is vari-
able, with different, often intermingled patterns.
The trabecular, acinar, and solid growth patterns
are recognized. The most common pattern, par-
ticularly in well-to-moderately differentiated
HCC, is the trabecular pattern, characterized by
cords of neoplastic cells surrounded by vascular
sinusoids [15]. These cords resemble the normal
hepatic trabeculae, but are generally more than
two neoplastic cell thick, with a high N/C ratio and
nuclear overcrowding. With tumor progression,
the neoplastic trabeculae can become distorted,
creating a pseudoglandular pattern. In the acinar
growth pattern, the neoplastic hepatocytes form
luminal structures resembling bile canaliculi.
Interestingly, bile production is detectable in

Fig. 24.4 Examples of HCCs with progressive Edmon-
son and Steiner grade. G1 HCCs (a) are characterized by
hepatocytes with low atypia and low nuclear-to-
cytoplasmic ratio; early HCC often show steatosis. G2

(b) and G3 (c)HCCs show a progressive increase in atypia,
nuclear-to-cytoplasmic ratio, and polymorphism. Haema-
toxylin–eosin stain
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nearly half of the cases simply by light microscopy
[1]. These acini are not true glands, hence the term
pseudoglandular, and may contain bile. Their
biliary derivation can be demonstrated by electron
microscopy or by the immunoreaction for CEA.
The acini may contain PAS-positive proteina-
ceous fluid as well. The solid pattern is the least
frequent, and occurs in poorly differentiated HCC,
generally in association with at least one of the
other architectural patterns. In the solid pattern the
tumor cells are densely aggregated, without visi-
ble trabeculae or sinusoids. Immunostaining for
CD34, however, often reveals compressed sinu-
soids within the lesion [22]. Other histological
variants of HCC include: fibrolamellar HCC,
scirrhous HCC, sarcomatoid HCC, clear-cell
HCC, giant-cell HCC, HCC with a predominant
inflammatory infiltrate, HCC with predominant
hematopoiesis [1].

24.5.4 Diagnostic Markers

Due to the lack of strong diagnostic criteria, the
differential diagnosis between HGDN and eHCC
is challenging, and often requires immunohisto-
chemistry (IHC). The American Association for
the Study of Liver Diseases (AASLD) and the
European Association for the Study of the
Liver/European Organization for Research and
Treatment of Cancer EASL/EORTC guidelines
recommend the use of the three markers: Glu-
tamine Synthase (GS), Glypican-3 and heat
shock protein-70 (HSP70) [17, 18]. The combi-
nation of these three markers is considered sen-
sitive and specific for the diagnosis of HCC in
small liver lesions, while their diagnostic value in
biopsy samples is less valuable (Fig. 24.5a–l).
Although additional markers, such as EZH2
(Fig. 24.5m–o) [27] and Agrin [28] have been
proposed, the differential diagnosis between a
HGDN and eHCC in needle biopsies still repre-
sents a major challenge for the pathologist.
A new promising class of biomarkers is repre-
sented by the cleavage products of the endo-
plasmatic reticulum protein, in particular
calreticulin, PDIA3, PDI, and GRP78 [23].

A role as potential biomarker for HCC was
postulated for the ubiquitin-conjugating enzyme
E2C (UBE2C) due to its overexpression in
human HCC at significantly higher levels com-
pared to normal hepatocytes. In addition,
high-UBE2C levels were associated with signif-
icantly lower disease-free survival rates [23].

24.5.5 Molecular Pathology of HCC

Although the list of prognostic and predictive
HCC gene signatures is unceasingly growing in
the literature, little is known about the molecular
mechanisms leading to liver carcinogenesis.

The main molecular abnormalities involved in
HCC can be summarized as follows:
• Deregulation of the cell cycle through somatic

mutations/LOH of the p53 gene, silencing of
CDKN2a and RB1 or overexpression of
CCND1.

• Increased angiogenesis caused by overex-
pression or amplification of vascular endothe-
lial growth factor (VEGF), platelet-derived
growth factor (PDGF) or angiopoietin 2
(ANGPT2).

• Activation of survival signals, such as the
NFkB pathway, with relative inhibition of
apoptosis.

• Reactivation of telomerase reverse transcrip-
tase (TERT) [1].
These biological processes are involved in the

majority of HCC with heterogeneity of molecular
alterations. Mutations, DNA methylations, and
alterations of gene expression have been descri-
bed during the multiple steps of liver carcino-
genesis and represent possible targets of
biological therapies (Fig. 24.6) [29].

24.5.6 Pathway Activation Involving
Cell Differentiation

Different signaling pathways involved in prolif-
eration, differentiation, inflammation, and
angiogenesis are frequently deregulated in HCC,
resulting in tumor complexity and heterogeneity

24 The Pathology and Molecular Pathology of Hepatocellular Carcinoma 461



Fig. 24.5 Histological appearance at haematoxylin–
eosin of a (a) Regenerative Nodule (RN), a (b)
High-Grade Displastic Nodule (HGDN), and a (c) Hepa-
tocellular Carcinoma (HCC), and expected immunohisto-
chemistry pattern. Glutamine Synthase shows positive
reaction only in periportale, perivascular, and perifibrotic
areas in RN (d) and HGDN (e), while it is diffusely

positive in HCC (f). Glypican-3 is completely negative in
RN (g) and HGDN (h) and diffusely positive in HCC (i).
Heat shock protein-70 is completely negative in RN (j)
and HGDN (k) and variably positive in HCC l. EZH2 is
completely negative in RN (m) and HGDN (n) and shows
variable nuclear positivity in HCC (o)
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[29]. An early event in liver carcinogenesis is the
mutation of β[beta]-catenin, an essential compo-
nent of Wnt signaling pathway. The disruption of
Wnt/β[beta]-catenin signaling results from both
genetic and epigenetic changes and is observed
in about one-third of HCC [30]. Activation of the
Wnt pathway implies an overload of β[beta]-
catenin, that translocates in the nucleus and
finally activates c-Myc, c-Jun, cyclin D1, fibro-
nectin, and matrix metalloproteases (MMPs).
Mutations in the genes Axin 1 and Axin 2, that
negatively regulate the Wnt pathway, have been
found in HCC [23]. Furthermore, β[beta]-catenin
mutations are common in HCC associated with
HCV and HBV infection, aflatoxin contamina-
tion, and alcoholic liver cirrhosis [23].

24.5.7 Pathway Activation
Involving Cell
Proliferation

The epidermal growth factor (EGF) pathway is
one of the most thoroughly studied signaling
cascades in HCC. Single nucleotide polymor-
phisms (SNPs) of the EGF gene are signifi-
cantly associated with risk of developing HCC.
EGF was ranked among the most frequently
upregulated genes in a gene signature that was
able to identify HCC with high risk of devel-
oping a late recurrence. In a genotoxic model
of HCC the application of the EGFR tyrosine
kinase inhibitor Gefitinib was able to signifi-
cantly decrease HCC incidence [31].

Fig. 24.6 Flowchart of the major molecular mechanisms
involved in HCC cancerogenesis and progression, with
special emphasis on pathways activation (green),

inflammatory pathways (red), and neoangiogenesis (blue).
See text for details
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The Insulin-like Growth Factor (IGF) path-
way is activated by the binding of two small
proteins, IGF1 and IGF2, secreted by the liver in
an autocrine and paracrine manner, to the IGF1
receptor (IGF1R). This binding, in turn, pro-
motes tumor invasion, anchorage-independent
cell growth and inhibition of apoptosis. Consti-
tutive activation of this pathway is described in
approximately 20 % of HCCs, predominantly via
IGF2 or IGFR1 overexpression. IGFR2 inhibits
cell growth by enabling the inactivation of IGF2:
10–20 % of HCCs demonstrate inactivation
mutations and deletions of IGFR2 associated
with LOH, underpinning the tumor suppressor
role of IGFR2 [32].

Hepatocyte growth factor (HGF), the sole
ligand for the Met receptor, is a strong mitogen
for hepatocytes. HGF is involved in cell prolif-
eration, migration, and angiogenesis, and its
binding to c-Met mediates the phosphorylation of
GRB2, GAB and the recruitment of son of sev-
enless (SOS). SOS in turn induces the activation
of the RAS/RAF/MEK/ERK pathway [31]. The
HGF/Met signaling pathway regulates multiple
cellular functions, and seems to be a key promoter
of metastasis formation and tumor angiogenesis.
Experimental studies suggested that HGF/Met
and other distinct but functionally homologous
signaling pathways, could share the same effector
genes. For instance Met, EGF, and TGF-α[alpha]
induce similar intracellular response. Some Met
target genes may be cross-regulated by the
TGF-α[alpha]/EGFR pathway or other tyrosine
kinases and, at the same time, activation of
the EGF receptor may lead to direct transactiva-
tion of Met in transformed cells [33]. High levels
of the Met receptor are described in 20–40 %
of advanced HCC, are associated with vascular
invasion and metastases, and can be therefore
eligible for specific therapies targeting Met
[31, 33].

Apart from EGFR, IGFR, or Met activation,
extracellular signals can be transduced through
either the phosphoinositide 3 kinase (PI3K) or
the mitogen-activated protein kinase (MAPK)
signaling pathways. Effectors belonging to both
signaling cascades (AKT or KRAS) are well-
known oncogenes in human cancers [1, 23].

Genes of the RAS family (HRAS, NRAS, and
KRAS) present single point mutations in HCC
that may be induced by various chemical agents.
RAS interacts with a downstream serine/
threonine kinase Raf-1 leading to its activation
and downstream signaling, which includes acti-
vation of MAPK kinase MEK1 and MEK2, thus
regulating proliferation and apoptosis. Increased
expression of oncogenes such as CRAS or
NRAS and c-MYC has been related to inva-
siveness and metastasis in HCC [32]. Proteins
related to HCV, HBV, and HEV may modulate
MAPK signaling by targeting multiple steps
along the pathway. These proteins are involved
in cell survival, differentiation, adhesion, and
proliferation. In HCC the expression of the
Spread protein, an inhibitor of RAS/Raf-1/
MAPK-ERK pathway, is deregulated and the
forced expression of Spread causes reduction in
tumor cell proliferation. These findings suggest
that Spread might represent a potential thera-
peutic target for HCC [1, 23].

The PI3K/AKT/mTOR pathway is activated
by growth factor receptors such as IGFR or
EGFR in approximately 30–40 % of HCCs and it
is significantly associated with eHCC recurrence
[32]. It has been shown that AKT expression is
able to predict HCC recurrence after surgery in a
large cohort of Japanese patients [31]. mTOR
activation is also associated with tumor recur-
rence in a small subset of HCCs and might be
targeted by mTOR inhibitors [31, 32]. Another
pathway involved in the control of proliferation
in HCC both in experimental models and in
humans is the Hedgehog signaling pathway
(HH), activated by the overexpression of the
Sonic or the Indian ligands and/or the inactiva-
tion of the HH inhibitory protein [31].

The tumor suppressor retinoblastoma protein
(pRB1) controls cell cycle progression via
repression of the E2F transcription factor family
of proteins. pRB phosphorylation leads to G1/S
transition of the cell cycle through the activity of
several cyclin-dependent kinases (CDKs). Alter-
ations of the CDK inhibitors p16, p21, and p27
are described in approximately 90 % of HCCs.
p16 is predominantly inactivated in the early
stages of hepatocarcinogenesis and in late disease
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progression where it is frequently hypermethy-
lated, while p21 expression is associated with
p53 gene mutations [1, 23]. In a single series
almost all aggressive HCC cases showed
methylation of the CDKN2A promoter and
inactivation of both p53 and RB pathways [32].

SALL4 (human homologue of the Drosophila
spalt homeotic gene) plays a critical role in
hepatic cell lineage commitment and character-
izes a subtype of HCC with progenitor-like fea-
tures and generally poor prognosis. SALL4 is a
key factor for the maintenance of pluripotency
and self-renewal capability by embryonic stem
cells, through interaction with the transcription
factors Oct4, Sox2, and Nanog. Moreover,
SALL4 interacts with the PTEN/PI3K/AKT
through the nucleosome remodeling deacetylase
(NuRD) and histone deacetylase (HDAC) com-
plex. In this mechanism, SALL4 inhibits PTEN,
reducing pAKT levels and blocking PI3K sur-
vival signaling in HCC. These tumors show high
HDAC activity and chemosensitivity to HDAC
inhibitors [32].

24.5.7.1 Inflammatory Pathways
Transforming Growth Factor β[beta]
(TGF-β[beta]) plays an important role in the
control of cell proliferation, adhesion, migration,
differentiation, as well as in the control of the
cellular microenvironment in both cancer cells and
stem cells. TGF-β[beta] may exhibit both tumor
suppressive and oncogenic properties in early
(inhibiting proliferation and inducing apoptosis)
and late (tumor progression) stages of HCC
development. Patients with a late TGF-β[beta]
signature show shorter survival times and
increased tumor recurrence rates compared to
early TGF-β[beta] signatures. This may suggest a
direct association between TGF-β[beta] and tumor
metastasis mediators [34]. In addition, TGF-
β[beta] signaling contributes to patterns of HCC
differentiation and development through the acti-
vation of interleukin-6 (IL6) in hepatic stem cells.
Hepatocytes are important immunogenic cells
and represent a major target for the immune sys-
tem as revealed by the huge cytokine production
and inflammation in response to JAK/STAT
(Janus kinase/signal transducer and activator of

transcription) activation in the liver. IL6 recruits
JAK1 and JAK2 that phosphorylate STAT1 and
STAT3, inducing their homodimerization or
heterodimerization, allowing their activation in
the nucleus as transcription factors. Moreover,
small in-frame deletions of the IL6 gene at its
binding site permanently activate the IL6/
JAK/STAT pathway, independently of the
ligand in tumor hepatocytes [32]. Pathway acti-
vation downstream IL6 has been associated with
poor survival and de novo tumor formation in
surgically treated HCC. The NFkB cascade has
been strongly linked to inflammation and liver
oncogenesis [31].

24.5.7.2 Pathways Involved
in Neoangiogenesis

Vascular endothelial growth factor (VEGF), and
(FGFs) are the major drivers of angiogenesis and
frequently cross talk in human HCC. VEGF is
often overexpressed in HCC, as well as its
receptors VEGFR-1 and VEGFR-2. Moreover,
high VEGF serum levels have been consistently
associated with a more aggressive tumor course.
Besides these pathways, angiopoietin (Ang) has
been involved in normal and aberrant vascular
formation through its interaction with the recep-
tor Tie-2 in HCC [31].

24.5.7.3 Epigenetic Changes
DNA hypomethylation, CpG island hyperme-
thylation, and histone modification represent the
epigenetic markers of malignant transformation
[23]. In HCC, there is no clear understanding of
the methylome and epidrivers. Epigenetic regu-
lation of gene expression in HCC seems to act
indirectly by selecting a population of hepato-
cytes containing structurally and functionally
aberrant genes. Panels of hypermethylated pro-
moter targets (APC, GSTP1, RASSF1A, and
SFRP1) have been found to be different in
plasma from HCC patients compared to non-
neoplastic controls. Hypermethylation of
CDKL2, CDKN2A, HIST1H3G, STEAP4 gene,
and ZNF154 was variably detected in the serum
free DNA 37–63 % HCC [35]. A gene-oncology
analysis of hypermethylated genes revealed an
enrichment of genes that are either involved in
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metabolic processes or are commonly altered in
cancer [36]. Frequent hypermethylation and
subsequent loss of expression have also been
demonstrated in tumor suppressor genes, such as
p16, p14, p15, SOCS1, RIZ1, E-cadherin,
gluthatione S-transferase (GSTP1), Rb1,
SPINT2, and 14–3–3 sigma. E-cadherin is epi-
genetically inactivated in 13–50 % of HCC, and
it was associated with β[beta]-catenin mutations
in tumor with satellite nodules [23, 32, 37].

Genes such as IGF, PI3K, TGF-β[beta], and
WNT are deregulated by DNA methylation in
HCC [38]. In the above-mentioned IL6/JAK/
STAT pathway epigenetics changes may also
occur, such as the silencing of suppressor cyto-
kine signaling 1 (SOCS1) by promoter methy-
lation, occurring in 61 % of HCC. Some HCC
cells lines exhibit SOCS1 inactivation, resulting
in the sensitization to inhibition of the
JAK/STAT pathway by a JAK2 inhibitor, and
the restoring of SOCS1 in these cells line leads to
growth arrest [32]. JAK/STAT pathway activa-
tion induced by SOCS3 and NORE1A methyla-
tion is reported in HCC, leading to a negative
control of JAK/STAT and Ras/MAPK pathways,
respectively [32].

Highly conserved Polycomb-group proteins
promote gene repression through modification of
the chromatin structure and form multiple Poly-
comb Repressive Complexes (PRC) with an
intrinsic histone methyltransferase activity. The
latter results in maintenance of the core histone
methylation. PRC2 has been related to stem cell
and cancer biology, and recently it was observed
to promote hypermethylation also in HCC [36].
Aberrant CpG island hypermethylation in gene
promoter regions is associated with inactivation
and loss of tumor suppressor gene function,
which appears to be a key molecular mechanism
of HCC. Indeed, a growing number of genes that
undergo CpG island hypermethylation were
linked to hepatocarcinogenesis [39]. Some
reports demonstrated specific methylations in
different CpG sites between HBV- or HCV-
associated HCC [36]. Methylation profiling may
significantly contribute to a comprehensive
molecular classification of human HCC [36].

24.5.7.4 “Driver” Genetic Alterations
Unlike other gastrointestinal tumors there is no
single “driver” mutation or genetic alteration in
human HCC. Cancer progression is rather influ-
enced by a series of concomitant “bystander”
alterations that are directly related to cancer cells
or involve the surrounding non-neoplastic liver
tissue. One of the most frequently reported
genetic abnormalities in advanced HCC is the
gain of the 8q22–24 region that includes the Myc
locus. Amplification of Myc is reported in 40–
60 % of HCCs [33]. Copy number variation in
this region is one of the earliest genomic events
associated with HCC development. In animal
models inactivation of Myc in invasive HCC
leads to tumor regression with proliferation
arrest, differentiation, and apoptosis of tumor
cells [33]. Inactivation of the tumor suppressor
p53 is detected in 10–61 % of HCCs, occurring
via deletion, missense, or nonsense mutations,
and is frequently associated with LOH of the
second allele [33]. Mutations of p53 play a crit-
ical role particularly in HCC associated with
HBV infection, Wilson’s disease, and hemo-
chromatosis [35]. The p14arf protein, encoded by
the same locus of p16, is able to antagonize
MDM2-mediated ubiquitination and degradation
of p53, leading to cell cycle arrest. Genetic and
epigenetic alterations of p14arf have been
described in 5 and 40 % of HCC, respectively.
[32] Another major genetic alteration typical of
HCC involves the Wnt/β[beta]-catenin pathway.
β[beta]-catenin mutations present in HCC can be
associated with the rare mutation of the glyco-
protein 130 (gp130), a gene frequently mutated
in liver inflammatory adenomas. These HCC
probably result from malignant transformation of
a hepatocellular adenoma. Activating mutations
of β[beta]-catenin have been frequently reported
in HCC, generally in association with a chro-
mosomal stable phenotype [35, 36]. Although
alterations of the ErbB family of class 1 tyrosine
kinase receptors are well recognized drivers of
tumorigenesis, only a small percentage of HCCs
harbor exceptional activating mutations of ErbB2
and EGFR. By contrast, missense mutations of
c-MET, inducing a constitutive activation in the
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absence of ligand, have been described in 30 %
of HCCs. These tumors could be targeted by
small molecule inhibitors of c-MET. As descri-
bed earlier in this chapter, a small subset of
HCCs harbor driver genetic alterations involving
the PI3K/AKT/mTOR pathway. PTEN inacti-
vating mutations, deletions, or insertions associ-
ated with LOH are found in 5–8 % of HCCs and
lead to AKT/mTOR pathway activation. Simi-
larly, activating mutations of PIK3CA, an
oncogene that encodes for the alpha subunit of
p110 in the PI3K pathway, are described in 5 %
of HCCs: this small subset of tumors can be
potentially treated with specific mTOR inhibitors
such as sirolimus [32].

24.5.7.5 Alteration of Micro-RNA
Expression

Micro-RNAs (miRNAs) can undergo aberrant
regulation during carcinogenesis and can act as
oncogenes or tumor suppressor genes. These
alterations may result from distorted epigenetic
regulations of miRNA expression, abnormalities
in processing genes and proteins, and the loca-
tion of miRNA at cancer-associated genomic
regions. Abnormal miRNA expression is repor-
ted in HCC with both tumor suppressor
(miR-122, miR-26, miR-223) and oncogenic
(miR-130b, miR-221, miR-222) activity [30].
The most studied miRNA in liver is miR-122,
which is involved in cell stress response, hepa-
tocarcinogenesis and inhibition of HCV replica-
tion. In animal models, the downregulation of
miR-122 is associated with hepatocarcinogenesis
and represents a candidate biomarker for human
liver cancer. From a mechanistic point of view
some reports revealed that miR-122a may mod-
ulate cyclin G1 expression [23]. In a cell line
model the inhibition of miR-21 increased the
expression of the tumor suppressor PTEN, with
decreased cell proliferation, migration, and
invasion. Conversely, enhanced miR-21 expres-
sion resulted in increased cell proliferation,
migration, and invasion. Furthermore, the mod-
ulation of this miRNA altered the adhesion
kinase phosphorylalation and the expression of
metalloproteases 2 and 9, downstream mediators

of PTEN [23]. MiR-181 promotes the acquisition
of stem cell features in HCC cells, by targeting
the mRNA encoding the caudal type of home-
obox transcription factor 2 (CDX2) and GATA6
(that are both hepatic transcriptional regulators of
differentiation). At the same time miR-181 inhi-
bits the mRNA that encodes NLK, an inhibitor of
Wnt/β[beta]-catenin signaling. All these alter-
ations help maintain the HCC “stemness” and
contribute to metastasis and drug resistance [30].

24.6 Summary

The pathology of HCC has changed in the last 20
years at least in developed countries. The vast
majority of HCC nodules are currently diagnosed
in the context of the cirrhotic liver and the median
tumor size is generally <5 cm. We are now
familiar with the diagnosis of precancerous liver
nodules with different degrees of atypia that were
not recognized previously. Despite many efforts in
the search of prognostic and predictive biomarkers
of HCC, none of them are currently utilized in the
clinical practice. The main challenges in the next
few years will be to substantiate the promising
experimental data on early markers of liver car-
cinogenesis and on new targets for biological
therapies. To achieve such goals the availability of
well epidemiologically annotated series of HCC
patients will represent a necessary requirement.
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25Epidemiology of Pancreatic Cancer

Dominique S. Michaud

25.1 Descriptive Data

As with many cancers, incidence rates for pan-
creatic cancer increase exponentially with age
and a diagnosis of pancreatic cancer before the
age of 50 years is rare. By the age of 85 years,
incidence rates reach 100 or more cases per
100,000 (Figs. 25.1 and 25.2). Age-adjusted
incidence rates are slightly higher for men than
women (14 per 100,000 for men vs. 11 per
100,000 for women) and differences by sex are
consistent across racial groups [1]. In the United
States (US), African-American men have the
highest incidence rates for pancreatic cancer
(15.4 per 100,000) and Asians have the lowest
rates (9.7 per 100,000 for both sexes) (Figs. 25.1
and 25.2) [1]. Pancreatic cancer is the most
rapidly fatal cancer.

In the US, the 5-year survival rate is 7 % [2].
Mortality rates are very similar to incidence rates
across all sexes and racial groups (age-adjusted
rates 12.5 per 100,000 for men and 9.5 per
100,000 for women) [1].

In the US in 2015, an estimated 48,960 people
will be diagnosed with pancreatic cancer and
40,560 will die of this disease [2]. Overall rates
(incidence and mortality) for pancreatic cancer

have been relatively constant over the past 3–4
decades, although a small increase in rates have
been observed in the past decade [1]. Globally,
pancreatic cancer incidence rates are higher in
more developed countries particularly high rates
are found in Eastern Europe, with the highest
rates reported in Armenia, Hungary, Slovakia,
and the Czech Republic (Globocan, 2015). An
estimated 330,391 individuals die of pancreatic
cancer annually in the world, accounting for 4 %
of all cancer deaths. The majority of new cases
are diagnosed in Asia (42 %), followed by Eur-
ope (30 %) and North America (14 %).

25.2 Risk Factors

25.2.1 Introduction

Our understanding of what causes pancreatic
cancer improved dramatically over the past two
decades as many prospective cohort studies
achieved critical numbers of pancreatic cancer
cases that allowed for more detailed analyses of
suspected risk factors. In addition, a number of
pooled and meta-analyses have been conducted
to solidify strengths of associations. There now
exists a large body of evidence for risk factors
that are considered established risk factors of
pancreatic cancer; these include family history,
AB blood type, chronic pancreatitis, tobacco
smoke, long-standing type 2 diabetes, high
alcohol consumption, and obesity.
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Fig. 25.1 Age-specific
incidence rates of
pancreatic cancer among
men in the U.S.,
2008–2012, by
race/ethnicity. Data
are taken from the U.S.
SEER Registry

Fig. 25.2 Age-specific
incidence rates of
pancreatic cancer among
women in the U.S.,
2008–2012, by
race/ethnicity. Data are
taken from the U.S.
SEER Registry
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25.2.2 Tobacco Smoke

In a large pooled analysis from the International
Pancreatic Cancer Case-Control Consortium
(Panc4), 12 case-control studies were combined
to include 6507 pancreatic cancer cases and
12,890 controls [3]. In this pooled analysis, the
odds ratio (OR) for current smokers was 2.2,
compared to never smokers, with a 95 % confi-
dence interval (CI) of 1.7–2.8, which is consis-
tent with results from prospective cohort studies
where relative risks (RRs) have ranged between
1.7 and 2.5 [4–7]. Risk of pancreatic cancer
increases with higher cigarette dose such that
current smokers smoking 30 or more cigarettes
per day, compared to never smokers, have a 2–3
fold higher risk [3, 4]. Former smokers have a
much lower risk of pancreatic cancer; however,
this estimate is largely dependent on time since
smoking cessation among former smokers, as
risk of pancreatic cancer nears that of never
smokers 15–20 years after smoking cessation [3,
4]. Other cohort studies have reported shorter
time periods after cessation (less than 10 years)
for rates among former smokers to be similar to
never smokers [6, 7].

Smoking cigars has also been associated with
elevated pancreatic cancer risk for cigar smokers;
the pooled OR from cigar-only smokers in a
large case-control consortium (Panc4) was 1.62
(95 % CI 1.15–2.29), compared to never tobacco
users [8]. In contrast, pipe smokers do not appear
to have an increase risk in pancreatic cancer [8].

Measuring the association between smokeless
tobacco (e.g., chewing tobacco/snuff) and pan-
creatic cancer poses a particular challenge, as
confounding by smoking needs to be ruled out;
consequently, the ideal populations to examine
these associations are never smokers. Types of
smokeless tobacco differ in the US and Europe
and may have different impacts on risk. Three
recent meta-analyses were performed on
smokeless tobacco and cancer, but results for
pancreatic cancer have been inconsistent [9–11].
A twofold increase in risk of pancreatic cancer
among never smokers was reported in a retro-
spective cohort study of snuff users (RR 2.0,
95 % CI 1.2–3.3) [12], but another large cohort

study did not report an increase in risk of pan-
creatic cancer among never smokers (only
among smokers) [13]. At this time, the data on
smokeless tobacco and pancreatic cancer are
inconclusive.

For passive smoking, early exposure to
cigarette smoke appears to increase risk of pan-
creatic cancer among never smokers, while
environmental smoke from the workplace or
home in adulthood do not appear to be associated
with pancreatic cancer [14, 15]; other studies are
needed to confirm these findings.

Examining mutation profiles in tumors may
confirm associations and provide insight into
mechanistic data to inform on causality. Muta-
tions in the K-ras gene are common and arise
early in the development of pancreatic cancer. To
date, several studies have examined K-ras
mutations in association with risk factors of
pancreatic cancer, although they have often been
limited by small number of cases with available
tissue samples. In one study, smoking was
associated with K-ras positive mutations in
codon 12, but was not associated with K-ras
negative tumors [16]. A positive association
between smoking and K-ras mutations in pan-
creatic cancer was observed in two other studies
[17, 18], but no associations were noted in three
studies [19–21]. Recently, large mutational
analysis (entailing sequencing of protein coding
exons for >20,000 genes) compared pancreatic
tumor tissue from smokers and nonsmokers; in
this study, only one case (out of 114) did not
have K-ras mutations [22]. Mutations in driver
genes (KRAS, TP53, SMAD4, and CDKN2A/
p16) were not more common in smokers, but
smokers were observed to have more nonsyn-
onymous mutations (p = 0.04) and more overall
mutations (p = 0.06) than nonsmokers [22].
These findings suggest that smoking impacts
pancreatic tissue in a way that is different from
the lung tissue, as smoking has been strongly
associated with K-ras mutations in lung tumor
tissue [23, 24]. Lack of difference in mutations of
driver genes suggest that smoking is not acting in
the initiation events of pancreatic cancer. These
findings are consistent with the observational
data, given that smoking is not as strongly
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associated with pancreatic cancer as it is with
lung cancer, and that a substantial risk reduction
occurs after 10–15 years of smoking cessation. It
is possible that smoking acts late in tumor
development and through a number of non-
specific biological pathways.

25.2.3 Diabetes Type 2
and Hyperglycemia

It is well established that type 2 diabetes can
develop as a consequence of pancreatic tumors
and is often detected before the cancer diagnosis,
but there has been substantial controversy over
the role of diabetes as a cause of this cancer.
There is considerable evidence supporting the
role of glucose in the development of pancreatic
cancer, both from epidemiologic and animal
studies [25]. Prospective studies examining pre-
diagnostic blood glucose levels have observed
that individuals with elevated blood glucose a
decade or more prior to diagnosis have a higher
risk of pancreatic cancer [26]. The same obser-
vation has been made for long-standing type 2
diabetes; risk for pancreatic cancer remains ele-
vated over 20 years post-diagnosis of diabetes
type 2, and thus likely plays a causal role in
carcinogenesis [27–29]. While a very high risk of
pancreatic cancer is observed when diabetes type
2 is diagnosed within 1 year of the tumor diag-
nosis (RR 5.38, 95 % 3.49–8.30), a 50 %
increase in risk is observed in individuals with a
diabetes diagnosis 10 or more years before can-
cer diagnosis (RR 1.51, 95 % CI 1.16–1.96 [27];
RR 1.47, 95 % CI 0.94–2.31 [30]; RR 1.30,
95 % CI 1.03–1.63, compared to those without a
diabetes diagnosis [28]) suggests that diabetes is
both a consequence and cause of pancreatic
cancer. Long-standing diabetes (>4 years) has
also been associated with poorer survival after
pancreatic cancer diagnosis [31].

In four prospective cohort studies, higher risk
of pancreatic cancer was reported among partic-
ipants with elevated blood glucose at baseline,
compared to those with normal blood glucose
[26, 32–34]. Two of these studies examined the
temporal association between blood glucose and

pancreatic cancer diagnosis [26, 34]. One study,
including only nondiabetics, reported a statisti-
cally significant association for glucose levels
above 198 mg/dL, compared to levels below
118.8, after excluding cases diagnosed in the first
5 years of follow-up (RR 1.97, 95 % CI 1.08–
3.57) [34]. In the second study conducted among
male smokers (ATBC study), risk remained ele-
vated for those who had high blood glucose
(>107 mg/dL), compared to <93 mg/dL, 10 or
more years prior to diagnosis (RR 2.16, 95 % CI
1.05–4.42) [26].

In a large European cohort study, elevated gly-
cated hemoglobin (HbA1c), a marker of prolonged
elevated average glucose, was positively associated
with pancreatic cancer risk (OR 2.42, 95 % CI
1.33–4.39, for highest [≥6.5 %, 48 mmol/mol]
versus lowest [≤5.4 %, 36 mmol/mol] category)
[35].Riskwith elevatedHbA1Cwas slightly higher
for those whowere diagnosed 5 years or more after
start of follow-up, suggesting that changes in glu-
cose levels were not impacted by onset of disease.
In another study pooling five prospective cohorts,
HbA1c was also associated with risk of pancreatic
cancer (OR = 1.79, 95 % CI = 1.17–2.72, com-
paring top to bottom quintile) and did not vary by
time to diagnosis [36].

Insulin levels and insulin resistance have also
been associated with higher pancreatic cancer
risk in two studies [26, 37], whereas C-peptide
levels (markers of insulin production) have not
been consistently associated with risk of pan-
creatic [35, 37].

25.2.4 Obesity

Obesity has only recently been widely accepted
as a risk factor for pancreatic cancer as many
earlier case-control studies had not observed any
associations for obesity. Over the past 15 years,
prospective cohorts have published consistent
positive associations for obesity and pancreatic
cancer. To date, four meta-analyses and two
pooled analyses of prospective cohort studies
have been conducted examining body mass
index (BMI) and pancreatic cancer risk. In the
most recent and largest meta-analysis, which
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included 23 prospective studies and 9,504 pan-
creatic cancer cases, a 10 % increase in risk was
reported for each 5-unit increase in BMI (RR
1.10, 95 % CI 1.07–1.14) [38]. A similar mag-
nitude between obesity and pancreatic cancer
was reported in other summary analyses (e.g.,
pooled study with 2170 cases of pancreatic
cancer and 2209 matched controls: RR 1.13,
95 % CI 1.11–1.14 for a 5-unit increase in BMI
[39]). The association between BMI and pan-
creatic cancer is not linear, however, and the
increase in risk is more dramatic among very
obese patients (RR 1.55, 95 % CI 1.16–2.07,
comparing BMI >35 to BMI <25 kg/m2) [39].
Associations with obesity and pancreatic cancer
are similar in men and women and by geo-
graphical region, but appear to be stronger
among never smokers as the increase in risk is
already apparent among those who were over-
weight [38].

Abdominal obesity (measured using waist
circumference or waist-to-hip ratio) is also
strongly associated with pancreatic cancer [38,
40]. The summary RR for a 10-cm increase in
waist circumference was 1.11 (95 % CI 1.05–
1.18) and for a 0.1-unit increment in waist-to-hip
ratio was 1.19 (95 % CI 1.09–1.31) in the largest
meta-analysis [38].

Obesity has also been associated with poorer
survival from pancreatic cancer. The risk of death
is roughly 50 % higher among patients with BMI
>35 kg/m2 prior to diagnosis compared to those
with normal BMI (<25 kg/m2) [41].

25.2.5 Chronic Pancreatitis

As with diabetes, pancreatitis is often diagnosed
close to cancer diagnosis, making it difficult to
disentangle cause and effect. The most convinc-
ing evidence for a causal role for chronic pan-
creatitis comes from studies on patients with
hereditary pancreatitis. Symptoms of pancreatitis
in patients with hereditary pancreatitis occur at a
mean age of 10 years [42], and in these patients,
rates of pancreatic cancer are not only much
higher than those in the general population, but
cancer develops at younger ages. In a national

series study of 200 patients with hereditary
pancreatitis (conducted in France), the average
age at cancer onset was 55 years, and the stan-
dardized incidence ratio for this group, compared
to the general population, was 87 (95 % CI, 42–
113) [43]. Other hereditary pancreatitis case
series, including two multi-site studies, reported
slightly lower, but of similar magnitude, SIRs
(53 [44] and 67 [45]). Smoking increases the risk
of pancreatic cancer among those with hereditary
pancreatitis and is associated with substantially
earlier age at onset (50 years for ever smokers vs.
70 years for never smokers) [46]. As smoking
prevalence was higher in the study conducted in
France [43] (51 vs. 40 % in Lowenfels) [46], it
may explain the higher relative risks noted in that
study.

The incredibly high rates of pancreatic cancer
observed among cases with hereditary pancre-
atitis, with known genetic mutations that lead to
inflammation of the pancreas, provide support for
a causal association between chronic pancreatitis
(nonhereditary) and pancreatic cancer. The diffi-
culty in studying chronic pancreatitis and pan-
creatic cancer risk includes small numbers,
reverse causality, and confounding; studies that
have examined the temporal relationship between
chronic pancreatitis and diagnosis of pancreatic
cancer find decreasing rates of cancer as the lag
period increases [47]. As with type II diabetes,
however, long-standing chronic pancreatitis is
associated with a significant increase in risk; a
5.8-fold increase in risk of pancreatic cancer was
estimated from six studies that excluded pan-
creatic cancer cases diagnosed within 2 years
from chronic pancreatitis diagnosis (95 % CI
2.1–15.9) [47]. With a ten-year lag, the largest
cohort study based on registry data reported a
relative risk of 2.2, and although it was not sta-
tistically significant (95 % CI 0.9–4.4), only
eight cases were available for this group [48].

Genetically modified pancreatic mouse mod-
els (developed to mimic human pancreatic ade-
nocarcinoma) also support a role for chronic
pancreatitis; induction of pancreatitis causes
dramatic acceleration of pancreatic carcinoma in
these mouse models [49]. These mouse models
have provided many new insights into the
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mechanisms underlying pancreatic carcinogene-
sis and overwhelming evidence supports a role
for inflammation [49].

25.2.6 Family History of Pancreatic
Cancer and Genetic
Susceptibility

Family history of pancreatic cancer explains a
small fraction of pancreatic cases (<5 %);
individuals with a parent, sibling, or child with
pancreatic cancer have a moderately higher risk
than those without family history (RR 1.76,
95 % CI 1.19–2.61) [50]. Family history of
prostate cancer also appears to increase the risk
of pancreatic cancer (RR 1.45, 95 % CI 1.12–
1.89), but no associations were noted for those
with family history of ovarian, breast, or col-
orectal cancers in one large study [50], despite
the known elevated risk among those with
BRCA2 mutations [51]. Germline mutations in
BRCA2, CDKN2A, STK11, PRSS1, SPINK1,
PRSS2, CTRC, and DNA mismatch repair have
been associated with pancreatic cancer risk
[52].

Genome-wide association studies (GWAS)
have uncovered new areas of genetic suscepti-
bility for pancreatic cancer. A region in the ABO
gene (rs687289 at 9q34.2) was identified as
being strongly associated with risk of pancreatic
cancer in three GWAS analyses (PanScan III:
ABO, OR 1.27, 95 % CI 1.20–1.35,
P 1.6 × 10−16) [53–55]. These findings are
consistent with studies that examined the role of
blood groups directly, including suggestions for
these associations as early as 1960 [56]. In a
recent analysis, individuals with blood group A
(HR 1.32, 95 % CI 1.02–1.72), AB (HR 1.51,
95 % CI 1.02–2.23), or B (HR 1.72, 95 % CI
1.25–2.38) had a higher risk of pancreatic cancer
than those with blood group O [57]. Using these
results, it was estimated that 17 % of the pan-
creatic cancer cases were attributable to inherit-
ing a non-O blood group (blood group A, B, or
AB) [57]. A number of other studies have con-
firmed the associations between blood type and
pancreatic cancer risk [58–61].

In addition to ABO, three regions have been
associated with pancreatic cancer risk using
GWAS analyses (PanScan I and II) [53] and
confirmed in PanScan III: rs9543325 at 13q22.1
(KLF5/KLF12, OR 1.23, 95 % CI 1.18–1.30),
rs10919791 at 1q32.1 (NR5A2, OR 0.79, 95 %
CI 0.75–0.85) and rs31490 at 5p15.33
(CLPTM1L, OR 1.20, 95 % CI 1.14–1.27) [55].
Recently, five new regions were identified in
PanScan III: rs2736098 at 5p15.33 (a second
signal in TERT), rs6971499 at 7q32.3 (LINC-
PINT), rs7190458 at 16q23.1 (BCAR1/CTRB1/
CTRB2), rs9581943 at 13q12.2 (PDX1),
rs16986825 at 22q12.1 (ZNRF3) [55]. Several of
the new loci identified in PanScan III are located
in genes that have been implicated in pancreas
development, pancreatic beta-cell function and
predisposition to diabetes. While these findings
provide insight into the pathways that are of
importance for pancreatic carcinogenesis, the
small effects observed for these susceptibility
regions cannot (alone or combined) contribute
predictive ability in determining who is at higher
risk of pancreatic cancer [62].

25.2.7 Helicobacter pylori Infection

Positive associations between Helicobacter
pylori and pancreatic cancer have been observed
in some observational studies. The first report of
an association between H. pylori and pancreatic
cancer risk came from a case-control study with a
small control group (n = 27); a twofold increase
in risk was observed (OR 2.1, 95 % CI 1.09–
4.05) [63]. In the Alpha-Tocopherol, Beta-
Carotene Cancer Prevention study (ATBC), a
prospective cohort study of male smokers, men
with H. pylori antibodies or CagA-positive
strains had about a twofold elevated risk of
pancreatic cancer, compared to men who were
seronegative for those antibodies (OR 1.87, 95 %
CI 1.05–3.34; OR 2.01, 95 % CI 1.09–3.70,
respectively) [64]. Findings from subsequent
studies with large case numbers have been
weaker and not statistically significant [60, 65–
67]. Results from recent meta-analyses are
inconsistent and largely influenced by authors’
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decisions regarding which studies to include/
exclude [68, 69]. Overall, the evidence for an
association for H. pylori and pancreatic cancer,
when examined critically, is weak.

25.2.8 Peptic Ulcers

A number of epidemiological studies have
examined the relationship between peptic ulcers
and risk of pancreatic cancer. Results from
cohort studies with large number of pancreatic
cancer cases and detailed information on type of
peptic ulcers (i.e., gastric vs. duodenal) observed
positive associations with gastric ulcers, but not
duodenal ulcers [70, 71]. While H. pylori infec-
tions are associated with both types of peptic
ulcers, gastric ulcers are associated with low acid
production while duodenal ulcers are associated
with hyperacidity; consequently, nitrosamine
levels are higher in individuals with gastric ulcers
and may explain the association with pancreatic
cancer risk. Low acidity, however, also allows
for the colonization of other bacteria, which may
provide an opportunity for oral bacteria to move
into the stomach and the gut.

25.2.9 Periodontal Disease

Periodontal disease is an inflammatory disease of
the gums; with advanced disease, inflammation
in the gums can lead to gum recession, soft tissue
damage, bone loss and tooth loss (severe peri-
odontitis) [72]. As with many chronic diseases,
periodontal disease has multiple risk factors,
including smoking and diabetes, and several
bacteria have been linked to the severity and
progression of periodontitis [72]. Porphy-
romonas gingivalis, a periodontal pathogen, has
been extensively studied due to its unique ability
to evade the immune response [73]. Positive
associations between periodontitis and pancreatic
cancer risk have been reported in three separate
cohort studies [74–76]. In the National Health
and Nutrition Examination Survey (NHANES) I
Epidemiologic Follow-up Study, individuals
with periodontitis at baseline had a higher risk of

fatal pancreatic cancer compared to those with
healthy periodontium (RR 1.77, 95 % CI 0.85–
1.85), after controlling for age and sex [74].
A strong positive association between periodon-
tal disease and pancreatic cancer was reported in
a prospective cohort study of male health pro-
fessionals [75]. Participants self-reported tooth
loss and periodontal disease at baseline and were
subsequently followed for 16 years. During that
period, 216 cases of pancreatic cancer were
newly diagnosed. After adjusting for age,
smoking, diabetes, body mass index, and a
number of other dietary factors, men with bone
loss from periodontal disease had a 64 % higher
risk of pancreatic cancer compared to those
reporting no bone loss from periodontal disease.
Among never smokers, a twofold increase in
pancreatic cancer risk was observed (RR 2.09,
95 % CI 1.18–3.71), ruling out the possibility
that the overall association was confounded by
smoking. Furthermore, the association was
stronger among dentists (RR 1.91, 95 % CI
1.31–2.78) who more accurately report history of
periodontal disease [77]. In a recent analysis of
the NHANES III data, a fourfold increase in risk
of pancreatic cancer was observed among those
with severe periodontitis, although the associa-
tion was not statistically significant due to
small numbers of cases (RR 4.56, 95 % CI
0.93–22.3) [76].

The association between antibodies to peri-
odontal pathogens and risk of pancreatic cancer
has been examined in a large European cohort
(EPIC) [78] using blood samples stored on over
385,000 men and women at baseline (i.e., prior
to disease). Using a nested case-control study
design of 405 pancreatic cancer cases and 410
controls, a greater than twofold increase in risk of
pancreatic cancer was observed among those
with high levels of antibodies to a pathogenic
strain of P. gingivalis (OR 2.38, 95 % CI 1.16–
4.90, comparing >200 ng/ml vs. <200 ng/ml)
after adjusting for known risk factors [78]. In the
NHANES III cohort study, elevated antibodies to
P. gingivalis (>69.1 EU, compared to less than
69.1) were associated with a threefold increase
risk of orodigestive cancer mortality (RR 3.03,
95 % CI 0.99–9.31). Removing subjects with
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clinically apparent periodontal disease only
decreased the association slightly (RR 2.25,
95 % CI 1.23–4.14). A separate examination of
P. gingivalis with pancreatic cancer mortality
could not be conducted in that study due to
insufficient case numbers [76].

25.2.10 Allergies and Immune
Response

A number of studies have examined the potential
role of allergies in pancreatic cancer. A meta-
analysis conducted in 2005 reported a 18 %
reduction in risk of pancreatic cancer (OR 0.82,
95 % CI 0.68–0.99) [79]. In a multicenter case-
control study, a 36 % decrease in risk was noted
for individuals with a history of allergies (OR
0.64, 95 % CI 0.50–0.82) [80]. A more recent
pooled analysis of 10 case-control studies,
including 3567 cases and 9145 controls, harmo-
nized the allergy variables to examine “any
allergies” and reported a borderline statistically
significant inverse association (OR 0.79, 95 %
CI 0.62–1.00), controlling for known risk factors
[81]. Statistically significant inverse associations
were also found for hay fever and allergies to
animals in the pooled analysis, while associations
for asthma, eczema and allergies to food were
weaker [81]. In a case-control study, 30–50 %
reduced risk of pancreatic cancer were observed
among subjects who had positive skin prick
results for hay fever allergens, dust/mold, or
animal allergens [82]; moreover, age of allergy
onset did not impact associations, suggesting
cancer was not likely causing allergy onset.

A 45 % lower risk of pancreatic cancer was
reported in individuals with high levels of 22 oral
antibodies, when compared with those individu-
als with overall lower levels of those antibodies,
in a nested case-control study (OR 0.55, 95 % CI
0.36–0.83) [78]. Given that both allergies
and high antibodies to bacteria are associated
with a Th2 immune response, these findings
support the hypothesis that the adaptive immune
response may play an important role in pancre-
atic carcinogenesis.

25.2.11 Diet

A large number of studies have examined various
aspects of diet in relation to pancreatic cancer risk,
but overall, findings have been largely inconsis-
tent or null. This section will focus on results from
cohort studies, as case-control studies on diet are
prone to bias, and have often reported findings that
have not been reproduced in cohort studies.

25.2.11.1 Alcohol
Several large pooled analyses on alcohol intake
and pancreatic cancer have been conducted which
have provided strong data on dose-response rela-
tionships [83–85]. Results from a pooled analysis,
two pooling data from prospective cohort studies
[83, 84] and one from case-control studies [85],
consistently indicate that alcohol is only a risk
factor for pancreatic cancer at higher intake levels.
In the largest pooling study, including over 5500
cases, a statistically significant elevated risk was
observed for those consuming 6 or more
drinks/day, compared to those consuming 0 to <1
drinks/day (OR 1.46, 95 %CI 1.16–1.83) [85]; no
interaction was noted for the most common risk
factors, including age, sex, race, and smoking
status. In a pooling second study, a statistically
significant 22 % increase in risk was observed
among those consuming >30 g of alcohol/day
(about three drinks/day), compared to nondrinkers
[84]; however, numberswere too small to examine
associations at higher intake levels. In a third
pooling study, alcohol intake at >60 g/day (about
6 drinks/day) was associated with a nonsignificant
increase in risk (OR 1.38, 95 % CI 0.86–2.23),
compared to those who drank some alcohol (>0 to
<5 g/day) [83]. The pooled OR for total alcohol
for >30 g/day was similar to the other pooled
analysis by Genkinger et al. (OR 1.23, 95 % CI
0.97–1.57) [84]. Finally, a large prospective
cohort study (NIH-AARP), including 1,149 cases
of pancreatic cancer, reported a 45 % increased
risk among those consuming >3 drinks (95 % CI
1.17–1.80) and a 55 % increase in risk among
those consuming 6 or more drinks of alcohol/day
compared to >0 to <1 drinks/day (RR 1.55, 95 %
CI 1.13–2.13, P-trend = 0.004) [86].
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Based on these findings, no increase in risk is
observed for moderate alcohol drinkers (i.e., 1–2
drinks/day), and an elevated risk is only observed
among heavy drinkers, with increasing risk
at higher levels. Two of the large studies also
reported that liquor consumption was more
strongly associated with risk than other alcoholic
beverages [83, 86], while one study found
wine to be more strongly associated with risk
[85]. It is unclear if these are linked to behavioral
patterns, or are markers for heavier alcoholic
consumption.

25.2.11.2 Folate Intake
A pooled analysis of 14 prospective cohort
studies with 2915 pancreatic cancer cases repor-
ted no association with folate intake (RR 1.06,
95 % CI 0.80–1.16, comparing highest vs. lowest
quintile of total folate intake, i.e., dietary and
supplement use) [87]. Similarly, no association
was observed for dietary folate without supple-
ments, or for supplemental use (RR 0.94, 95 % CI
0.73–1.22, for highest vs. lowest tertile of folic
acid supplement use). Several meta-analyses have
reported inverse associations between dietary
folate intake and pancreatic cancer [88–90];
however, publication bias appears to be a major
issue in these meta-analyses, as demonstrated in a
forest plot of a recent meta-analysis [90] and
suggested by the number of publications from
cohort studies (6 published studies vs. 14 cohorts
included in the pooling project). Furthermore,
these meta-analyses included both case-control
and cohort studies; summary estimates from
cohort studies were weaker than summary esti-
mates for case-control data [89, 90].

Studies using blood to measure folate levels
have been inconsistent [91–93]. In the EPIC
study, a U-shaped relationship was observed,
with modest elevated risk at both ends of the
spectrum of plasma folate levels [92]. An inverse
association was observed in the ATBC study
[93], while no statistically significant associa-
tions were noted in a nested case-control analysis
of four prospective cohorts [91].

Taken together, these data do not support a
dose-response between folate intake and pan-
creatic cancer and higher intake of folate may not

result in lower risk of pancreatic cancer, as pre-
viously observed.

25.2.11.3 Fruits and Vegetables
Numerous case-control studies have reported
inverse associations between fruit and vegetable
intake and pancreatic cancer, but as with many
other cancers, these findings have not been
replicated in cohort studies. The largest pooled
analysis of 14 cohort studies reported no asso-
ciation for fruit, vegetable, or total fruit and
vegetable consumption and pancreatic cancer
[94]. In this pooling project, no inverse associa-
tions were noted for individual fruit or vegetable
consumption. Similarly, no associations were
reported for fruit and vegetable consumption in a
large European cohort study (EPIC) that was not
included in the pooling study, with 555 pancre-
atic cancer cases [95]. Inverse associations for
subgroups of vegetables have been observed in a
couple of cohort studies, but the associations
were observed for different subgroups and thus
likely to be chance findings. It is important to
note that meta-analyses on fruit and vegetable
consumption including case-control studies are
likely to provide misleading conclusions, given
that case-control studies have consistently
reported inverse findings, which are likely the
result of selection and reporting biases. More-
over, a recent meta-analysis of cohort studies
reporting statistically significant inverse associa-
tions for fruits and vegetables only included three
cohort studies (out of >12 published studies) and
is highly misrepresentative [96].

25.2.11.4 Meat Consumption
Meat consumption has been linked to pancreatic
cancer in several cohort studies [97–102],
although the type of meat associated with risk
has not been entirely consistent across these
studies, and three cohort studies reported no
associations [103–105]. The inconsistency in
findings for meat intake may be due to differ-
ences in cooking practices that can influence the
level of carcinogens consumed. Cooking meats
at high temperatures, or on an open fire, can
result in production of compounds that are
known carcinogens, such as heterocyclic amines
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(e.g., DiMelQx and MelQx) and polycyclic aro-
matic hydrocarbons (e.g., benzo(a)pyrene, BaP).
Details on cooking practices for meats (e.g.,
doneness preferences and cooking method) have
been incorporated in some cohort questionnaires
to address this issue. Results from two large
cohort studies with detailed cooking data repor-
ted significant positive associations with elevated
levels of DiMelQx, MelQx and mutagenic
activity, but not with BaP levels [97, 98]. In one
study, consuming a high amount of meat cook at
high temperatures was associated with a 52 %
increase in risk of pancreatic cancer in men (top
vs. bottom quintile of meat cooked at high tem-
perature, RR 1.52, 95 % CI 1.12–2.06), although
no association was observed in women [98]. In
the second cohort, consuming very well-done red
meat was associated with a 60 % increase in risk
(RR 1.60, 95 % CI 1.01–2.54), compared to
those consuming meat that is medium or rare
[97]. Although only two cohort studies have
examined cooking doneness, their findings are
consistent with previous case-control studies
[106, 107]. Moreover, the fact that most cohort
studies did not report a positive association with
processed meats (only one study observed a
statistically significant association for processed
meats [99]), but many reported positive associ-
ations with red meat, supports the possibility that
cooking doneness plays a role in etiology.

25.2.11.5 Vitamin D
Strong correlations exist between incidence of
pancreatic cancer and UVB irradiance in eco-
logical studies, and incidence rates for pancreatic
cancer are higher at higher latitudes in both
hemispheres [108]. The first cohort studies on
dietary vitamin D intake and pancreatic cancer
risk reported inverse associations with higher
intake [109, 110], but findings from subsequent
studies using circulating levels of vitamin D have
been highly conflicting. To date, three large
cohort studies have published their findings
individually on blood 25-hydroxyvitamin D [25-
(OH)D] [111–113]. A strong inverse association
for higher levels of plasma 25(OH)D was
observed in a study combining five prospective
cohort studies (>75 nmol/L vs. <50 nmol/L: OR

0.71, 95 % CI 0.52–0.97) [112]. In contrast, two
other studies have found positive associations
with higher 25(OH)D levels; in the ATBC study,
a threefold increase in risk was noted for those
with >65.6 nmol/L compared with <32 nmol/L,
and in the PLCO study, a fourfold increase in
risk was observed in the highest quartile of 25
(OH)D levels, as compared to the lowest, among
those living in low sun exposure residential
areas. One study reported a different association
of 25(OH)D levels based on the vitamin D
binding protein (DBP) [114], which could per-
haps explain the discrepancy in the findings from
measuring blood 25(OH) D levels. More research
is necessary to resolve these conflicting findings,
but supplementation with vitamin D at this time
is not recommended for pancreatic cancer
prevention.

25.2.12 Physical Activity

Despite the positive associations observed with
obesity and elevated blood glucose, physical
activity has not consistently been associated with
pancreatic cancer risk. One of the first prospec-
tive studies to examine this association reported
an inverse association for moderate levels of
activity (RR 0.45, 95 % CI 0.29–0.70 for the
highest vs. lowest categories of activity), but not
for total physical activity. Among overweight
individuals, total physical activity was associated
with lower risk of pancreatic cancer (RR 0.59,
95 % CI 0.37–0.94 for the top vs. bottom tertiles
of total physical activity); no associations were
observed for individuals with normal weight
[115]. Other subsequent prospective analyses,
including a number of very large cohorts, have
not replicated the associations with physical
activity [116–122].

25.2.13 Pesticides

Chemicals used in pesticides and herbicides have
(historically) contained compounds that are car-
cinogenic in animal models, but establishing a
link to human cancer is difficult as exposures are
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typically low in the general population and not
easily measured. Several population case-control
studies have measured self-reported history of
pesticide use and observed higher risk of pan-
creatic cancer with history of exposure to
organochlorines, such as dichlorodiphenyltri-
cholorethane (DDT) and ethylan [123], and her-
bicides and fungicides [124]. In case-control
study with measures of serum organochorines, a
fourfold increase in risk of pancreatic cancer was
observed for those in the top tertile of poly-
chlorinated byphenyls (PCBs) levels (OR 4.2,
95 % CI 1.8–9.4), and a significant dose-
response was noted with increasing PCB levels
[125]. After controlling for PCBs, serum DDE
was not associated with risk in that study [125].
In another study on serum organochlorines and
pancreatic cancer, p,p′-DDT and p,p′-DDE levels
did not vary by case-control status, but both were
associated with more frequent K-ras mutations
among cases [126]. To address potential bias
associated with case-control studies, a large
cohort of agricultural workers (Agricultural
Health Study cohort [AHS]) was undertaken to
measure pesticide exposures and cancer risk.
Results from the AHS support the possible link
between herbicides and pancreatic cancer, with a
higher risk observed among workers with the
highest lifetime use of EPTC (RR 2.5, 95 % CI
1.1–5.4) and pendimethalin (RR 3.0, 95 % CI
1.3–7.2), both herbicides, compared to never
users [127]. However, no associations were
observed for DDT or other organochlorines in
that study. A recent analysis in the AHS reported
a positive association with a new herbicide,
acetochlor, and pancreatic cancer [128]. Findings
from the AHS will need to be confirmed in other
studies as the number of cases were relatively
small (<100).

25.3 Summary

Table 25.1 summarizes the risk factors for pan-
creatic cancer with the current level of evidence
available for each factor. Many of the established
risk factors, including smoking, obesity, and
type II diabetes, are modifiable and although

incidence rates have not changed much over
time, the rise in obesity and diabetes could
translate to higher incident rates over the next
decade or two. Other risk factors for which the
level of evidence is not as strong suggest that the
immune response and bacterial infections are
likely to play a role in the etiology of this cancer;
however, more research is needed to clarify these
associations.
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26Pathology and Molecular Pathology
of Pancreatic Cancer

Wai Chin Foo and Huamin Wang

26.1 Clinical Picture of Disease

26.1.1 Signs and Symptoms

Patients with pancreatic cancer most commonly
present with pain, jaundice, and unexplained
weight loss [1]. The pain that accompanies pan-
creatic cancer is typically epigastric and radiates
to the back. However, the presentation varies
depending on the location of the tumor; the
majority (60–70 %) of which are localized to the
head of the pancreas [2]. Other nonspecific
symptoms include clay-colored stools, nausea,
and migratory thrombophlebitis (also called
Trousseau’s syndrome) [3]. While depression is
not uncommon in patients with pancreatic cancer,
interestingly, there have been several studies
where the diagnosis of depression precedes the
diagnosis of carcinoma [4, 5]. Unfortunately, the
presenting signs and symptoms are nonspecific;
as such, the diagnosis is not made until late in the
course of the disease after the cancer has already
spread to other organs.

26.1.2 Diagnosis

The gold standard for the diagnosis of pancreatic
cancer requires histologic confirmation. When
based only on symptoms that are considered
highly specific and sensitive for the disease, Di
Magno et al. found a significant lack of specificity.
The majority of patients had other diagnoses,
including nonpancreatic cancers, pancreatitis, and
nonpancreatic disorders, e.g., irritable bowel
syndrome [6]. However, histologic confirmation is
not always required as the diagnostic evaluation of
a patient with suspected disease includes serologic
evaluation of carcinoembryonic antigen (CEA) [7]
and carbohydrate antigen 19–9 (CA19–9) [8, 9]
and abdominal imaging.

Technological improvements in abdominal
imaging have significantly increased the sensi-
tivity. Multidetector computed tomography
(MDCT) [7, 10–12], magnetic resonance imaging
(MRI), and endoscopic ultrasound (EUS) [10, 13]
can be used to visualize the tumor and its rela-
tionship to vessels. Both CT and MRI have sim-
ilar sensitivities and specificities. In addition,
positron emission tomography (PET) imaging
also has a role in the evaluation [14] as staging is
important for therapeutic considerations. When
the imaging findings are not typical, EUS-guided
or percutaneous aspirations or biopsies can be
obtained for histologic confirmation. EUS-guided
fine needle aspiration (FNA) is the best modality
for obtaining a diagnosis with a sensitivity and
specificity of 87 and 98 %, respectively [12].
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26.1.3 Treatment and Prognosis

In general, surgical resection offers the only
potential cure for pancreatic cancer. However,
the feasibility of surgery depends on accurate
clinical staging. The American Joint Committee
on Cancer (AJCC), together with the TNM
classification, is the most widely used system for
staging.

Patientswith stage I and II disease are optimally
treated with surgical resection followed by adju-
vant therapy, using either chemotherapy (gemc-
itabine or 5-fluorouracil often in combination with
other agents, e.g., irinotecan, cardocetaxel, pacli-
taxel, and capecitabine), radiation therapy, or
combined approaches (chemoradiotherapy) [15].
Even with adjuvant therapy, the -5-year survival
rates for patients are low, between 25 and 30 % for
those with node-negative disease, and is lower, at
approximately 10 %, for those with node-positive
disease [16, 17]. Patients with stage III disease are
treated with chemotherapy or chemoradiotherapy
[15]. A subset of these patients may proceed to
surgical resection depending on the extent of dis-
ease involvement with the superior mesenteric
artery, the celiac axis, and the superior mesenteric
and portal veins [18]. However, the vast majority
of these patients develop metastatic disease.
Patients with stage IV disease are either offered
systemic chemotherapy or supportive therapy
[19]. The type of resection, i.e., pancreaticoduo-
denectomy [20, 21], distal subtotal pancreatec-
tomy [22], or total pancreatectomy [23], is
dependent on the location of the tumor.

Despite offering the only potential cure, only
15–20 % of cases are likely to be resectable at
presentation. Approximately 40 % have distant
metastases, and another 30–40 % have locally
advanced, unresectable disease. Furthermore,
prognosis is poor, even for those undergoing
complete resection (R0). The median survival rate
ranges from 17 to 27 months, with a 5-year sur-
vival rate of approximately 20 % [20]. Moreover,
the surgical procedures necessary to resect the
disease are associated with significant morbidity
(40–60 %) and mortality (2–3 %) [20, 24].

26.2 Pathology

26.2.1 Introduction

This section discusses the embryological devel-
opment of the pancreas as well as the normal
anatomy and histology. The remainder of the
section focuses on pancreatic ductal adenocarci-
noma (PDA) as it is synonymous with the term
“pancreatic cancer.” It is the cause for the dismal
prognosis of pancreatic cancer in the United States
[25] and has been the focus of intense research
efforts to unravel its molecular pathogenesis.
Precursors to PDA, including pancreatic intraep-
ithelial neoplasia (PanIN), intraductal papillary
mucinous neoplasms (IPMNs), and mucinous
cystic neoplasms (MCNs), are also discussed.

26.2.2 Embryology
and Development
of the Pancreas

The pancreas arises from the fusion of two
endoderm buds, the smaller ventral bud and the
large dorsal bud, off the primitive duodenum.
The ventral bud develops into the uncinate pro-
cess and the inferior portion of the head, and the
dorsal bud develops into the superior portion of
the head and the remainder of the pancreas. The
main pancreatic duct (also called the duct of
Wirsung) forms from the fusion of the two buds.
Occasionally, the proximal portion of the dorsal
duct remains as the accessory pancreatic duct
(also called the duct of Santorini).

26.2.3 Anatomy of the Pancreas

In adults, the pancreas measures approximately
15 cm and weighs 80 g. It is situated in the
retroperitoneum and can be divided into the
head, the body, and the tail. The head, which
includes the uncinate process, lies within the
curve of the duodenum and extends to the
superior mesenteric vein. The uncinate process
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represents the inferior portion of the head and is
wedged between the superior mesenteric vessels
anteriorly and the aorta posteriorly. The body of
the pancreas extends from the superior mesen-
teric vein to the aorta; the junction between the
head and the body is arbitrarily designated as the
neck. The tail extends from the aorta and tapers
in the splenorenal ligament to the splenic hilum.
Peritoneum covers the anterior and inferior
aspects of the head and only covers the anterior
aspect of the body and tail [26].

The arterial supply to the pancreas is provided
by branches from the common hepatic and splenic
arteries, which themselves are branches of the
celiac artery; as well as the inferior pancreatico-
duodenal artery, which is a branch from the
superior mesenteric artery. The superior pancre-
aticoduodenal artery, which comes off the com-
mon hepatic artery, and its inferior counterpart
form the pancreaticoduodenal arcade, which sup-
plies the head and the uncinate process. The
splenic artery supplies the body and tail of the
pancreas. Venous drainage is via the superior and
inferior pancreaticoduodenal veins that empty into
the portal vein and superior mesenteric vein,
respectively; and the inferior mesenteric vein that
empties into the splenic vein. Lymphatic vessels in
the pancreatic head drain into the pancreatico-
duodenal lymph nodes and those in the hepato-
duodenal ligament. The body and tail drain into the
nodes along the middle colic, hepatic, and splenic
arteries. The draining terminates into the celiac,
superior mesenteric, para-aortic, and aortocaval
lymph nodes. The pancreas is richly innervated.
The sympathetic fibers come from T6 to T10 via
the thoracic splanchnic nerves and celiac plexus.
The parasympathetic fibers come from the poste-
rior vagal trunk via its celiac branch [27].

Given that surgical resections provide the best
hope for long-term survival [28], knowledge of
the anatomy is crucial in the evaluation of the
resection specimens.

26.2.4 Histology of the Pancreas

The pancreas is composed of two separate glan-
dular components, the exocrine and endocrine

pancreas, and a ductal system (see Fig. 26.1). The
exocrine pancreas represents 80–85 % of the
parenchyma and is composed of columnar to
pyramidal epithelial cells forming an acinus. The
endocrine pancreas is composed of the islets of
Langerhans, which in turn consist of four major
cell types (alpha, beta, delta, and pancreatic
polypeptide cells) and two minor cell types (D1
and enterochromaffin cells). Together, these small
round cells are responsible for the secretion of
insulin, glucagon, somatostatin, pancreatic
polypeptide, vasoactive polypeptide, and sero-
tonin. The ductal system is composed of cuboidal
to columnar cells, beginning at the small ducts that
drain each acinus to the main pancreatic duct that
joins the common bile duct before emptying into
the duodenum [26]. The mesenchymal portion
consists of connective tissue that separates the
parenchyma into lobules and connective tissue,
vasculature, and nerves that travel alongside the
ductal system. Adipose tissue can also be seen in
the connective tissue.

26.2.5 Pancreatic Cancer
and Precursor Lesions

Despite representing only a small portion of the
epithelial component, the vast majority (greater
than 90 %) of pancreatic neoplasms have a ductal
origin. PDA comprise 80–90 % of this group
[29]. There are several similar entities that can
develop into or are at least associated with PDA.
These entities are PanIN, intraductal papillary

Fig. 26.1 Normal pancreas
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mucinous neoplasia (IPMN), and mucinous cystic
neoplasia (MCN). One of these entities, PanIN,
was initially identified as a series of increasingly
atypical proliferative changes in the epithelium of
the pancreatic ducts. These lesions have long
been recognized, but have only been reported
previously with descriptive terminology [30–32].

26.2.5.1 Pancreatic Intraepithelial
Neoplasia

PanIN is a relatively common finding in resected
specimens and is seen in association with PDA
and other tumor types [33]. It represents a spec-
trum of proliferative lesions in the ductal system,
all of which contain cytoplasmic mucin. The
lesions are separated into three grades (PanIN-1,
PanIN-2, and PanIN-3), depending on the extent
of cytological atypia and architectural complexity
(see Fig. 26.2). PanIN-1 lesions (previously

called mucinous metaplasia or mucous cell
hypertrophy) are characterized by tall columnar
mucinous cells with nuclei lacking any atypia or
loss of polarity. These lesions are further divided
into PanIN-1A and PanIN-1B, based on the
presence or absence of papillary and micropapil-
lary formations and nuclear stratification.
PanIN-1A lacks both the architectural and cyto-
logical features. PanIN-2 lesions (previously
called atypical hyperplasia or moderate dysplasia)
are characterized by prominent nuclear stratifi-
cation, loss of polarity, and mild nuclear atypia.
Finally, PanIN-3 lesions (previously called car-
cinoma in situ or severe dysplasia) show marked
nuclear atypia, significant loss of polarity, fre-
quent mitotic figures, and papillary tufts “float-
ing” in the lumen [34]. Recently, a two-tier
classification was recommended by an interna-
tional consensus meeting to replace the current

Fig. 26.2 Pancreatic intraepithelial neoplasia (PanIN). a PanIN-1A; b PanIN-1B; c PanIN-2; d PanIN-3
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three-tier classification used for PanIN as well as
IPMN and MCN. In the revision, PanIN-1 and
PanIN-2 are categorized as low grade. PanIN-3 is
categorized as high grade PanIN. This change in
classification brings the terminology in line with
the clinical management of these lesions [35].

Lower grade lesions, i.e., PanIN-1, are often
incidental findings in neoplastic and nonneo-
plastic pancreas resections. In one study,
PanIN-1A lesions were identified in 43 % of
older adults with nonneoplastic resections [36].
PainIN-2 and PanIN-3 are significantly more
common in pancreases with PDA [33, 34]. Recent
retrospective data suggest that there is a very low
risk of cancer progression in PanIN-1 and
PanIN-2 lesions [37]. However, Brat et al. [31]
have reported rare cases where PanIN-2 lesions
were identified before the development of PDA.
The natural history of these lesions is exceedingly
difficult to observe given the lack of reproducible
radiographic findings and serologic markers.

26.2.5.2 Intraductal Papillary Mucinous
Neoplasms

IPMNs are intraductal papillary proliferations of
mucin-producing cells. Intraluminal mucin is
often evident, and accumulation of themucin often
leads to cystic dilation of the ducts, which may be
localized to the immediate vicinity or may involve
the entire ductal system. They may manifest as
multilocular cystic masses or abundant papillary
nodules in either the main duct or the branch duct
and are classified accordingly [38–42].

IPMNs share many cytological features with
PanIN and are characterized by mucinous cells
with varying degrees of atypia. However, most
IPMNs are larger and involve cystically dilated
ducts that are at least 1 cm in diameter [34, 43,
44]. The atypia is stratified into three grades (i.e.,
low, intermediate, and high) on the basis of the
most severely dysplastic area and parallel the
spectrum of changes seen in PanIN-1 through
PanIN-3. IPMNs with low grade dysplasia (also
called intraductal papillary mucinous adenomas)
are characterized by mucinous cells that lack any
nuclear atypia or loss of polarity (see Fig. 26.3).
Intermediate grade dysplasia is characterized by
more prominent nuclear stratification, loss of

polarity, and mild nuclear atypia. IPMNs with
high grade dysplasia (also called intraductal
papillary mucinous carcinoma in situ) have sig-
nificant loss of polarity and marked nuclear aty-
pia (see Fig. 26.4). Similar to the changes in
PanIN terminology, both IPMNs with low grade
dysplasia and intermediate grade dysplasia are
now categorized as IPMN, low grade, in the
revised classification and IPMN with high grade
dysplasia as IPMN, high grade [35]. This
two-tier classification scheme more accurately
parallels the 2012 consensus guidelines of the
International Association of Pancreatology for
the management of IPMNs and MCNs, which
recommend low and intermediate grade dysplasia
as being amenable to observation and high grade
dysplasia as requiring clinical attention and

Fig. 26.3 Intraductal papillary mucinous neoplasm
(IPMN) with low grade dysplasia

Fig. 26.4 IPMN with high grade dysplasia
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intervention [45]. In addition to the grading of
dysplasia, three papillary patterns have been
described [38, 46–48]. The most common pattern
is the gastric type (50 %), which is characterized
by cells that resemble gastric foveolar epithelium
with basally oriented nuclei and abundant
mucinous cytoplasm. The papillae in these
lesions are often less exuberant and can be flat
[49–52]. The second most frequently recognized
pattern is the intestinal type (35 %), character-
ized by cells that resemble adenomas of the
colorectum [53] with villiform papillae; like the
adenomas in the colorectum, there is often
nuclear pseudostratification and intracellular
mucin. The least common pattern is the pancre-
aticobiliary type (15 %) that is characterized by
cuboidal cells often with more complex papillae
formation [54], including numerous branched
papillae, micropapillae, and cribriform areas. The
cells are typically not pseudostratified, but show
marked variation in size, irregular contours,
prominent nucleoli, and loss of nuclear polarity.
While an overlap of these patterns can be seen,
the intestinal and pancreaticobiliary patterns are
not commonly seen in a single tumor.

IPMNs express keratins, such as CK7, CK8,
CK18, and CK19. The degree of CK20
immunoreactivity depends on the histologic
subtype [42, 55]. Expression of glycoproteins,
MUC1 and MUC2, also varies with the histologic

subtype [46, 47, 53, 56]. Expression of MUC1 is
more common in pancreaticobiliary-type IPMNs,
whereas MUC2 is more commonly expressed in
intestinal-type IPMNs. Gastric-type IPMNs do
not express MUC1 or MUC2. Moreover, MUC2
expression in intestinal-type IPMNs is paralleled
by other markers of intestinal differentiation, such
as CK20 and CDX-2. MUC6 is preferentially
expressed in pancreaticobiliary-type IPMNs
suggesting pyloric differentiation [57]. Almost all
IPMNs, regardless of their histologic subtype,
express CEA, CA19–9, and MUC5AC [58].

26.2.5.3 Mucinous Cystic Neoplasms
MCNs are typically single, multilocular cystic
masses with a thick, fibrotic capsule. The cysts are
often large, greater than 10 cm. Unlike PDAs and
IPMNs, these tumors do not communicate with
the ductal system. The septa between cysts are
often thin, but some can appear trabeculated and
thickened. Papillations are not uncommon. Simi-
lar to IPMNs, the cysts contain mucinous mate-
rial. Degenerative changes with hemorrhage may
occur and may resemble a pseudocyst [59–62].

MCNs are characterized by a distinctive,
subepithelial stroma that resembles ovarian stroma
(see Fig. 26.5), composed of densely packed spin-
dle cells with uniform, wavy nuclei, sparse cyto-
plasm, and scattered clusters of plump, epithelioid
cells suggestive of luteinization [63, 64]. In

Fig. 26.5 Mucinous cystic neoplasm (MCN) with low grade dysplasia. a Low-power. b High power of ovarian-type
stroma
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addition, the spindle cells demonstrate immunore-
activity for estrogen and progesterone receptors,
inhibin, and melan-A [62, 63, 65]. The epithelium,
when not denuded, is characterized by cuboidal to
columnar cells with abundant apical mucin and
basally located nuclei. These cells lie flat or form
papillae, and occasionally, goblet cells, neuroen-
docrine cells, and Paneth cells can be found inter-
spersed [66].

Similar to IPMNs, the degree of dysplasia in
the epithelial component is graded as low, inter-
mediate, or high based on the area with the most
severe dysplasia. MCN with low grade dysplasia
(also called mucinous cystadenoma) is charac-
terized byminimal cytological atypia andminimal
architectural complexity (see Fig. 26.5). MCN
with intermediate grade dysplasia has moderate
cytological atypia, including loss of nuclear
polarity, and mild architectural complexity. MCN
with high grade dysplasia (also called mucinous
cystadenocarcinoma in situ) is characterized by
marked cytological atypia, including irregular,
hyperchromatic nuclei, mitotic figures and sig-
nificant architectural complexity [61, 62] (see
Fig. 26.6). The proposed change in classification
for PanINs and IPMNs is also recommended for
MCNs. MCNs with low grade dysplasia and
intermediate grade dysplasia are categorized as
MCN, low grade; MCNwith high grade dysplasia
is categorized as MCN, high grade, in the 2014,
revised classification system [35].

Invasive adenocarcinoma, resembling con-
ventional PDA, can develop in association with
MCN, especially those with high grade dysplasia
(see Fig. 26.7). Other histological variants, e.g.,

undifferentiated carcinoma with osteoclast-like
giant cells, have also been reported [67]. MCN
with an associated invasive carcinoma are also
called invasive mucinous cystadenocarcinoma.
Similar to IPMNs, the invasive component in
MCNs can also be focal and often necessitates in
toto submission of the tumor. Overall, the rate of
malignancy in MCNs ranges from 10 to 28 %
[68], and it has been suggested that they may be
less aggressive than their conventional counter-
parts, especially, when there is only minimal
invasion [69].

MCNs show similar immunoreactivity to
keratin and glycoprotein markers, e.g., CEA and
CA19–9 [62, 63, 65, 70], as IPMNs. The simi-
larities are seen in the expression of MUC5AC,
MUC2, and CDX-2 with the latter only seen in
the goblet cells [71].

26.2.5.4 Conventional Ductal
Adenocarcinoma

Most PDAs are firm, discrete tan-white masses
with ill-defined, infiltrative borders. Frank necro-
sis and hemorrhage is infrequent. In an uninjured
pancreas, the appearance of the tumor is easily
distinguished from the normal pancreas, however,
it can be difficult to visualize the mass-forming
tumor in a background of fibrosis, secondary to
either chronic pancreatitis or neoadjuvant
therapy [26].

Conventional PDA represents one of two
general groups of pancreatic cancer, the second
group being histological variants, which are mostFig. 26.6 MCN with high grade dysplasia

Fig. 26.7 MCN associated with invasive carcinoma
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likely of ductal origin. They are characterized by
a proliferation of variably sized glands haphaz-
ardly set in a desmoplastic stroma [72]. The
neoplastic glands are composed of cuboidal to
columnar cells with variable amounts of cyto-
plasm and mucin. The nuclei vary in size and
shape, and there is frequently a loss of polarity.
Rarely, the nuclei may retain their normal basal
orientation (see Fig. 26.8). In addition to the
conventional (or tubular) pattern, PDAs can also
demonstrate other morphological patterns,
including a foamy gland pattern resembling low
grade PanIN [73]; a large duct (or microcystic)
pattern commonly seen with duodenal infiltration
[74]; a vacuolated pattern resembling adipocytes

or signet ring cells [75]; a solid, nested pattern
resembling squamous cell carcinoma or hepatoid
carcinoma [76]; a micropapillary pattern; and a
lobular carcinoma-like pattern with neoplastic
cells in cords or single files (see Fig. 26.9). With
rare exceptions, these patterns are not considered
to have clinical significance. PDAs with a
micropapillary pattern are considered to be par-
ticularly aggressive. Regardless of the morpho-
logical patterns, the neoplastic glands destroy the
normal lobular architecture. Lymphovascular and
perineural invasion are almost invariably seen
and infiltration into peripancreatic fat is also
common [77]. Interestingly, colonization of the
normal epithelium and the basement membrane

Fig. 26.8 Conventional pancreatic ductal adenocarcinoma (PDA). a Well differentiated; b poorly differentiated

Fig. 26.9 Other morphologic patterns of PDA. a Vacuolated pattern. b Solid, nested pattern
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can be seen with invasion into the common bile
duct, duodenum, and native pancreatic ducts,
mimicking the appearance of a precursor lesion.

The TNMgrading system is based on the extent
of gland formation and is advocated by theCollege
of American Pathologists. Well-differentiated
(grade 1) adenocarcinomas are characterized by
greater than 95 % gland formation. Adenocarci-
nomas with 50–95 % gland formation are con-
sideredmoderately differentiated (grade 2). Poorly
differentiated (grade 3) adenocarcinomas have less
than 50 % gland formation. Undifferentiated car-
cinomas, which are discussed below, are consid-
ered grade 4. The Klöppel grading system, which
is endorsed by the World Health Organization
(WHO), assesses mucin production, mitoses, and
nuclear atypia in addition to gland formation [78],
however, it is cumbersome in practice. Adsay and
colleagues [79] have proposed a third system
based on the predominant and secondary patterns
of infiltration, but it is not widely used. In a com-
parison between the TNM and Klöppel grading
systems, no significant differences in predictive
value were found [80]. Regardless of the grading
system used, the histologic grade has been shown
to be prognostically significant, with higher
grades, i.e., grades 3 and 4, being more unfavor-
able [79, 80].

PDAs stain for CK7, CK8, CK18, CK19, and
epithelial membrane antigen (EMA) [81]. CK20
is positive in 25 % of cases with typical
immunoreactivity being focal and weak [82]
except in mucinous noncystic carcinoma in which
immunoreactivity is diffuse and strong [56]. In
addition, conventional PDAs usually express the
cell surface-associated mucin proteins, MUC1,
MUC3, MUC4, and MUC5AC. However, MUC2
expression is only seen in those with intestinal
differentiation and MUC6 is expressed in those
with pyloric gland differentiation [56, 83, 84].
Similar to IPMNs and MCNs, immunohisto-
chemical stains to glycoproteins, e.g., CA19–9,
CEA, TAG-72, and CA-125, are often positive in
conventional PDAs. Of these, the latter three
proteins are expressed only to a limited degree in
low grade PanIN lesions and are not typically
expressed in the normal pancreas [85].

Histological Variants of Adenocarcinoma
There are several histological variants that are
most likely of ductal origin, as evident by an
associated component of conventional PDA.
These variants include mucinous noncystic car-
cinomas, squamous cell, and adenosquamous
carcinomas, undifferentiated carcinomas, medul-
lary carcinomas, and hepatoid carcinomas. With
a few exceptions, the natural history and
molecular alterations of these variants are not
well understood due to their infrequency.

Mucinous Noncystic Carcinoma
Mucinous noncystic carcinoma (also called col-
loid carcinoma) is a unique variant, both clini-
cally and histologically. These lesions are
characterized by pools of mucin, within which
are flat strips of small clusters of neoplastic cells
that are either attached to the edge of the mucin
pool or floating within it (see Fig. 26.10). Signet
ring cells are not infrequently seen in these pools
[86]. They are typically associated with IPMNs
or MCNs [87]. Relative to conventional PDA,
mucinous noncystic carcinomas have a more
favorable, protracted clinical course [86].

Squamous Cell Carcinoma and Adenosquamous
Carcinoma
Squamous cell and adenosquamous cell carci-
nomas represent a small minority of pancreatic
cancers [88, 89]. They resemble squamous
cell carcinomas from other sites, with variable

Fig. 26.10 IPMN with mucinous noncystic carcinoma
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keratinization. The diagnosis of adenosquamous
carcinoma only requires an arbitrary 30 %
squamous component [90] (see Fig. 26.11). As
such, pure squamous cell carcinomas are
exceedingly uncommon (see Fig. 26.12). Both
squamous cell and adenosquamous cell carcino-
mas have a similar clinical course to conven-
tional PDA.

Undifferentiated Carcinoma
Undifferentiated carcinomas encompass a wide
range of histological appearances, and include sar-
comatoid (or spindle cell) carcinomas, anaplastic
carcinomas, carcinosarcomas, and undifferentiated
carcinomas with osteoclast-like giant cells [91].
Undifferentiated carcinomas are thought to be
ductal in origin as a conventional PDA component
or preinvasive component, e.g., PanIN or MCN
[92–94], can be identified. The epithelioid

component is frequently markedly atypical and
dyshesive. The sarcomatoid component may con-
sist of only spindle cells or large anaplastic giant
cells (see Fig. 26.13). In addition, theremay also be
heterologous differentiation, e.g., skeletal muscle,
cartilage, or bone formation [95]. Undifferentiated
carcinomas with osteoclast-like giant cells, as the
name indicates, contain a variable number of
osteoclast-like giant cells scattered throughout the
neoplasm [96]. The giant cells are immunoreactive
for CD68, supporting a histiocytic origin [97] (see
Fig. 26.14). Undifferentiated carcinomas are
aggressive with most patients dying of disease
within 2 years of initial diagnosis [98].

Medullary Carcinoma
Medullary carcinomas are uncommon tumors that
are characterized by a syncytial growth pattern
composed of poorly differentiated neoplastic cells.
These neoplasms are typically associated with a
prominent inflammatory infiltrate containing
neutrophils and lymphocytes. Similar to ones at
other sites, medullary carcinomas can be associ-
ated with microsatellite instability [99–101] and
are associated with a good prognosis [101, 102].

Hepatoid Carcinoma
Hepatoid carcinomas are exceedingly rare and are
characterized by polygonal cells with granular and
eosinophilic cytoplasm, centrally located nuclei,
and prominent nucleoli. The neoplastic cells, which
have hepatocellular differentiation, are arranged
in solid sheets, nests, or trabeculae [103–105].

Fig. 26.11 Adenosquamous carcinoma of the pancreas

Fig. 26.12 Squamous cell carcinoma of the pancreas Fig. 26.13 Undifferentiated carcinoma of the pancreas
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26.2.6 Molecular Pathogenesis

Cancer is fundamentally caused by accumulation
of mutations in oncogenes and tumor suppressor
genes. These mutations can be acquired somati-
cally, or patients can inherit them. PDA is among
the best tumors characterized molecularly.
Numerous mutations in oncogenes and tumor
suppressor genes, both inherited and acquired,
have been identified and provide an unprece-
dented insight into the molecular pathogenesis of
pancreatic cancer.

26.2.6.1 Somatic Alterations
The molecular alterations in sporadic pancreatic
cancer have been extensively investigated in the
last few decades and have given us insights into
PDA tumorigenesis. Whole exome sequencing
has revealed an average of 48 somatic mutations
with four genes being altered in greater than
50 % of cases [106]. These four genes are
KRAS, CDKN2A (also called CDKN, p16, and

INK4A), TP53 and SMAD4 (also called DPC4)
[107–109] (see Table 26.1).

KRAS is the most frequently altered onco-
gene in PDAs. The gene, which is located on
chromosome 12, encodes for a small GTPase that
is vital to several cell signaling pathways,
including MAPK, ERK, and AKT pathways. The
point mutations involve three target codons
almost exclusively (12, 13, and 61). Mutations
involving codon 12 are detected in greater than
90 % of PDAs [110]. KRAS mutations are also
identified in histological variants, including
undifferentiated carcinomas with osteoclast-like
giant cells [111] and mucinous noncystic carci-
nomas [86], as well as both IPMNs and MCNs.
In IPMNs, the frequency of KRAS mutations
ranges from 30 to 80 % with increasing fre-
quency in those with high grade dysplasia and
invasive carcinoma [112–119]. A similar trend in
frequency of KRAS mutation is observed in
MCNs [115, 120, 121]. Notably, KRAS muta-
tions have been identified in more than 90 % of

Fig. 26.14 Undifferentiated carcinoma with osteoclast-like giant cells. a H&E; b CD68 immunohistochemistry
highlighting giant cells

Table 26.1 Most common sporadic alterations in pancreatic ductal adenocarcinoma

Chromosome Gene Prevalence (%) Mechanism

12 KRAS 95 Missense mutation

9 CDK2NA 95 LOH, homozygous deletion, promoter methylation

17 TP53 75 LOH

18 SMAD4 55 LOH, homozygous deletion
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the earliest PanIN lesions (PanIN-1), implicating
KRAS mutations as a key initiating event in
pancreatic neoplasia [122].

CDKN2A is the most frequently altered tumor
suppressor gene in PDAs. The gene, which is
located on chromosome 9p, encodes for the pro-
tein, p16, which is involved in cell cycle regula-
tion. Inactivation of the gene is observed in 95 %
of pancreatic cancers [106] and is thought to
promote unrestricted growth. In addition to DNA
alteration, CDKN2A inactivation can be accom-
plished through epigenetic silencing via aberrant
methylation [123]. Similar to KRAS mutations,
CDKN2A mutations occur early in the progres-
sion from PanIN to pancreatic cancer.

TP53 is another frequently altered tumor sup-
pressor gene and is inactivated in 75 % of PDA
[106]. The gene, which is located on chromosome
17p, encodes the protein p53, which plays an
important role in cellular stress responses by
activating DNA repair, inducing growth arrest,
and triggering apoptosis. TP53 mutations are also
found in MCNs and IPMNs [124]. In contrast to
KRAS and CDKN2A, TP53 mutations occur later
in the PanIN-to-invasive carcinoma sequence,
being observed in high grade PanIN lesions (i.e.,
PanIN-3) [125].

SMAD4 is a tumor suppressor gene on chro-
mosome 18q [126]. The protein, SMAD4, is
involved in the transforming growth factor beta
(TGF-β[beta]) signaling pathway. SMAD4
mutations are associated with a poor prognosis
and widely metastatic disease [17, 127] and can
be detected using immunohistochemistry. Loss
of SMAD4 expression by immunohistochemistry
is found in 55 % of PDAs [128] (see Fig. 26.15).
Similar to TP53, mutations in SMAD4 are
observed in PanIN-3 lesions, implicating its late
role in the genetic progression to cancer [125].

In addition to somatic mutations, large chro-
mosomal gains and losses, and complex kary-
otypic abnormalities occur frequently in PDA.
Some changes target known driver genes,
whereas others identify regions with specific loci
that have unknown roles [129]. The chromoso-
mal abnormalities may be related to early
telomere shortening, which is reported to occur
in approximately 90 % of low grade PanIN

lesions [130]. Together, progression from PanIN
to PDA and the sequential acquired alterations,
telomere shortening, and chromosomal instabil-
ity can be mapped (see Fig. 26.16).

Despite a common progression to pancreatic
cancer, two somatic mutations unique to MCNs
and IPMNs have been identified. The affected
genes include GNAS and RNF43 [119, 124]. The
latter, RNF43, encodes a protein with intrinsic
E3 ubiquitin ligase activity. Mutations in RNF43
are found in both MCNs and IPMNs [124].
GNAS, which encodes for a stimulatory
G-protein subunit, is unique in that GNAS
mutations are only seen in IPMNs [119].

26.2.6.2 Germline Alterations
and Mutations

Approximately 10 % of PDAs have a familial
basis, which is defined as at least a pair of
first-degree relatives diagnosed with pancreatic
cancer. Case-control and cohort studies have
shown that those with a family history of pan-
creatic cancer have a 1.9 to 13-fold increased risk
[131–134]. The genetic basis for the majority of
familial pancreatic cancer is unknown [135].
Several germline genetic syndromes also lead to
an increased risk for PDA (see Table 26.2).

Germline BRCA2 mutations are associated
with a significantly elevated lifetime risk of
breast, ovarian, prostate, and pancreatic cancer
[136–139]. PALB2 (also called FANCN), which
encodes for a protein that partners with the

Fig. 26.15 Loss of SMAD4 by immunohistochemistry
in conventional PDA
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BRCA2 protein, is also implicated in familial
PDA. Germline mutations in this gene account
for 1–3 % of familial PDA [140–142]. Both
BRCA2 and PALB2 encode proteins crucial to
the Fanconi anemia pathway, and germline
mutations in other genes involved in the path-
way, including FANCC and FANCG, have been
reported in young patients diagnosed with PDA

[143–145]. However, FANCA mutations have
not been implicated [146]. In addition to con-
ventional PDA, IPMNs have also been reported
in patients with inherited BRCA2 mutations and
a family history of PDA [147].

Unlike germline mutations in BRCA2 and
PALB2, it is unclear if inherited mutations in
BRCA1 are also at higher risk. Studies show

Fig. 26.16 Sequential molecular alterations and increasing chromosomal instability

Table 26.2 Germline alterations in pancreatic cancer and cancer risk

Gene Syndrome Estimated lifetime cancer risk

BRCA1, BRCA2 Familial breast cancer BRCA1a, 2.16 % (by age 80)
BRCA2, 3.36 % (by age 80)

PALB2 Familial breast cancer Elevated

CDK2NA Familial atypical multiple mole melanoma (FAMMM) syndrome 17 % (by age 75)

STK11 Peutz-Jeghers syndrome (PJS) 11–32 %

PRSS1 Hereditary pancreatitis 30–40 % (by age 70)

ATM Ataxia-telangiectasia Unknown

MSH2, MSH6, MLH1, PMS2 Lynch syndrome 1.45–5.88 % (by age 70)
aStudies are conflicted; minimal or no increased cancer risk with BRCA1 mutations
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conflicting results, with one large study con-
ducted by the Breast Cancer Linkage Consortium
observing a 2.26-fold increased risk [148]. Oth-
ers have not shown an increased prevalence of
BRCA1 mutations [149, 150].

Germline mutations in CDKN2A causes
familial atypical multiple mole melanoma
(FAMMM) syndrome, which results in a 38-fold
increased risk of PDA and melanoma [151–156].

Peutz-Jeghers syndrome (PJS) results in the
development of gastrointestinal hamartomas and
pigmented macules on the lips, and buccal
mucosa. It is associated with an increased risk of
PDA. Germline mutations in STK11 (also called
LKB1) explain 80 % of PJS cases [157]. PDAs
in these patients also show somatic loss of the
wild-type STK11 allele [158]. In addition, rare
cases of IPMNs have been reported in patients
with this syndrome [159].

Germline mutations in PRSS1 and SPINK1
cause hereditary pancreatitis [160, 161], which is
characterized by repeated episodes of acute
pancreatitis in young patients. As a result of the
continuous and relapsing inflammation and
repair, these patients have a markedly increased
risk (58-fold) for PDA [162].

Germline mutations in ATM, which encodes a
protein in cell cycle regulation and DNA damage
response, have been identified in approximately
2 % of familial pancreatic cancer [163]. The
germline mutation is heterozygous; biallelic
germline mutations in the gene result in
ataxia-telangiectasia, which is characterized by
cerebellar ataxia and sensitivity to ionizing
radiation.

Lynch syndrome (or hereditary nonpolyposis
colorectal cancer, HNPCC) is caused by germ-
line mutations in one of the DNA mismatch
repair genes, MLH1, PMS2, MSH2, or MSH6,
resulting in microsatellite instability. The syn-
drome is associated with an increased risk of
carcinomas in the colorectum and other sites
[164] and an 8.6-fold increased risk of PDA
[165]. Rare cases of IPMN have also been
reported in these patients [166].

26.3 Targeted Molecular
Treatments

At this time, there are no targeted therapies for
pancreatic cancer. Given the prevalence of
KRAS mutations and its critical role, it is an
enticing target, however, all attempts at targeting
the protein have failed in the clinic [167]. More
recent strategies have focused on targeting criti-
cal downstream targets in Ras-mediated path-
ways, including MAPK, ERK, and AKT [168,
169]. Perhaps the most intriguing discoveries
have been in therapies targeting rare genetic
alterations in pancreatic cancer. PDAs with
biallelic inactivations in either BRCA2 [136,
170] or PALB2 [171, 172] have been shown to
be exquisitely sensitive to DNA cross-linking
agents, e.g., mitomycin C or poly (ADP-ribose)
polymerase (PARP) inhibitors. PDAs with inac-
tivating ATM mutations may also be similarly
affected [173].

The future for the development of new treat-
ments is promising. In the not-too-distant future,
all patients with pancreatic cancer will have their
tumors histologically analyzed and sequenced,
with the information gleaned from both to be
used for individualizing their care.
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27Epidemiology of Bladder Cancer

Sarah M. Rudman and Danielle Crawley

27.1 Clinical
Picture of the Disease

27.1.1 Introduction

Bladder cancer is the ninth commonest cancer
worldwide, and in 2012, 430,000 cases were
diagnosed. It has an incidence of 9.5 per 100,000
in the developed world [1]. Over 90 % of cases
are Transitional Cell Carcinomas (TCC), previ-
ously known as Urothelial cancers.

The disease can be divided into: Non-Muscle-
Invasive Bladder Cancer (NMIBC), Muscle-
Invasive Bladder Cancer (MIBC), and Metastatic
Bladder Cancer (MBC). All have their own diag-
nostic, treatment and prognostic pathways, which
will be described in this section.

27.1.2 Symptoms

The most common presenting symptom among
bladder cancer patients is painless haematuria.

This can be either micro- or macroscopic. While
the vast majority of patients presenting in this
way will have a benign pathology, approximately
10 % will be diagnosed with a bladder cancer [2,
3]. Patients can also present with irritative
symptoms, such as urgency and dysuria, as well
as with abdominal pain. Less commonly they
present with systemic symptoms as a result of
metastatic disease.

27.1.3 Diagnosis

The diagnostic process begins with a thorough
history, physical examination, basic laboratory
tests, urinalysis and urine cytology. The gold
standard diagnostic test is a cystoscopy, to allow
direct visualization of the bladder, before pro-
ceeding to a Transurethral Resection of Bladder
Tumor (TURBT) to obtain a final histological
diagnosis. All biopsy specimens should contain
muscle to enable the disease to be classified
definitively as either NMIBC or MIBC.

If the histology confirms MIBC then further
imaging with CT or MRI is required. If the clin-
ical suspicion of an invasive tumor is high, then
these should be performed pre-cystoscopy to
avoid artifact produced by the procedure. Imaging
of the upper urinary tracts with either CT uro-
gram, retrograde or iv pyelogram is also recom-
mended to exclude a synchronous upper tract
tumor (which can occur in up to 2.5 % of cases)
[4]. Further investigations including CT chest and
bone scan may be indicated to complete staging.
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27.1.4 Staging

Bladder cancer is staged using the tumor-node-
metastasis (TNM) classification. See Table 27.1
[5]. For more details see the bladder pathology
chapter.

27.1.5 Treatment

27.1.5.1 Non-Muscle-Invasive Bladder
Cancer (NMIBC)

Transurethral Resection of Bladder Tumor
(TURBT)
The gold standard management of NMIBC is a
TURBT, aiming to remove all visible lesions.
Detailed guidance on best practice is provided by
many bodies including the European Association
of Urology (EAU) and American Urological
Association (AUA) [6, 7]. Many studies have
evaluated the benefits of using Photodynamic
Diagnosis(PDD)duringwhicheither5-aminolevulinic
acid (ALA) or hexaminolevulinic acid (HAL) are
instilled into the bladder before cystoscopy is
performed using ultraviolet light. Results are
mixed with some studies finding no improvement
in recurrence rates [8, 9] and others reporting
improvements [10–12]. Currently the use of PDD
is not routinely included in treatment algorithms
but is used in many centers [6].

Risk Stratification/Surveillance
Patients with Ta and T1 tumors can be divided
into low-, intermediate-, and high-risk groups
using the EORTC scoring system [13]. The fac-
tors included are number of tumors, size of
tumors, prior recurrence rate, T category in TNM
staging, presence of concurrent carcinoma in situ
and tumor grade.

Stratification into low, intermediate, and high
risks can be used to identify which patients may
benefit most from maintenance treatments.
Low-risk tumors may only require one immedi-
ate post-operative instillation of chemotherapy,
whereas those with intermediate risk are recom-
mended to receive a year of maintenance treat-
ment. This can be with either intravesical
Bacillus Calmette–Guerin (BCG) or chemother-
apy. Patients with high-risk tumors are recom-
mended to continue BCG instillations for up to
3 years.

This risk stratification also helps determine
which surveillance schedule is recommended,
although no clear consensus exists about the
precise follow-up schedule. The EAU guidelines

Table 27.1 TNM classification bladder cancer [5]

Primary tumor (T)

TX Primary tumor cannot be assessed

T0 No evidence of primary tumor

Ta Noninvasive papillary carcinoma

Tis Carcinoma in situ: “flat tumor”

T1 Tumor invades subepithelial connective
tissue

T2 Tumor invades muscularis propria

pT2a Tumor invades superficial muscularis propria
(inner half)

pT2b Tumor invades deep muscularis propria
(outer half)

T3 Tumor invades perivesical tissue

pT3a Microscopically

pT3b Macroscopically (extravesical mass)

T4 Tumor invades any of the following: prostatic
stroma, seminal vesicles, uterus, vagina,
pelvic wall, abdominal wall

T4a Tumor invades prostatic stroma, uterus,
vagina

T4b Tumor invades pelvic wall, abdominal wall

Regional lymph nodes (N)

NX Lymph nodes cannot be assessed

N0 No lymph node metastasis

N1 Single regional lymph node metastasis in the
true pelvis (hypogastric, obturator, external
iliac, or presacral lymph node)

N2 Multiple regional lymph node metastasis in
the true pelvis (hypogastric, obturator,
external iliac, or presacral lymph node
metastasis)

N3 Lymph node metastasis to the common iliac
lymph nodes

Distant metastasis (M)

MO No distant metastasis

M1 Distant metastasis
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suggest patients with low-risk tumors undergo
cystoscopy at 3 months, 9 months and then
annually for 5 years. Patients with high-risk
tumors should undergo both cystoscopy and
urine cytology at 3 months, then 3 monthly for
2 years, 6 monthly for 5 years, and annual cys-
toscopy thereafter. Patients with intermediate-risk
tumors should have a surveillance schedule in
between that for low- and high-risk patients [6].

Evidence for the use of both immunotherapy
and chemotherapy exists in NMIBC.

Adjuvant Intravesical Bacillus
Calmette–Guerin (BCG) Immunotherapy
Intravesical instillations using BCG have been
shown to reduce recurrence rates compared to
TURBT alone [14] and compared to intravesical
chemotherapy [15, 16]. No clear guidance
for dosing, timing, and durations are published,
although there is consensus that it should
be given on a maintenance schedule and not
as a single post-operative instillation, unlike
chemotherapy which can in some cases be given
as a single treatment [16, 17]. The AUA advo-
cates the use of the SWOG regimen, a 6-week
induction course of BCG followed by a 3-week
maintenance course at 3, 6, 12, 18, 24, 30, and
36 months [7].

Adjuvant Intravesical Chemotherapy
Adjuvant treatment with intravesical chemother-
apy using mitomycin C (MMC), epirubicin,
thiopeta, and doxorubicin are all used. However,
as a result of limited availability of the other
drugs, MMC is the most widely used. Sylvester
et al. performed a meta-analysis of a single
immediate post-operative instillation, including 7
randomized trials using MMC, thiopeta, and
epirubicin, with recurrence data on 1476 patients
and showed a significant decrease in the risk of
recurrence with an odds ratio (OR) 0.61
(p < 0.0001) [18]. The benefits of further instil-
lations remain unclear. However, Sylvester et al.
also performed a meta-analysis examining this
and concluded that they may be beneficial in
higher risk patients [19]. However, no clear
guidance on the exact dosing, timing, and dura-
tion of ongoing instillations has been published.

Radical Cystectomy
In some cases of NMIBC radical cystectomy is
indicated. These include all patients who have or
develop BCG refractory disease. It should also be
considered as a potential treatment in those with
multiple, larger tumors, concurrent CIS, disease
in the prostatic urethra, and micropapillary
histology.

27.1.5.2 Muscle-Invasive Bladder
Cancer

Radical Cystectomy + Lymph Node
Dissection
Radical cystectomy with lymph node dissection
is the gold standard treatment for MIBC if the
patient is fit for surgery. Lymph node dissection
can be either standard (regional bilateral node
dissection), extended (to aortic bifurcation), or
super-extended (to inferior mesenteric artery).
Extended lymph node dissection has been shown
in a number of retrospective studies to be bene-
ficial [20, 21], but currently no clear recom-
mendation for its use exists, pending the results
of randomized controlled trials [22].

Neoadjuvant/Adjuvant Chemotherapy
Classically the 5-year survival rate, following
radical cystectomy, is approximately 50 % [23]
and so the benefits of adjuvant treatment have
been investigated. Neoadjuvant chemotherapy,
consisting of a cisplatin based regimen, has been
shown to result in a 5 % improvement in overall
survival in a number of meta-analyses for stage II
and III disease [24–26]. The benefits of adjuvant
chemotherapy, however, are not as well estab-
lished, although a recent meta-analysis of nine
randomized controlled trials revealed an overall
survival benefit with a pooled hazard ratio of
0.77 (95 % confidence interval (CI) 0.59–0.99;
p = 0.049). It is only currently recommended in
high-risk patients who have not received neoad-
juvant treatment [4].

Multi-modality Bladder Preservation
This approach is appropriate if patients are not fit
for radical surgery or express a personal preference
for a bladder conserving approach. Treatment is a
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combination of TURBT, chemotherapy, and
radiotherapy, with a tri-modal combination being
the preferred treatment option. The addition of
cisplatin based chemotherapy improves outcomes
with both radical and adjuvant radiotherapy fol-
lowing TURBT [27]. Five-year survivals between
50 and 60 % have been demonstrated, making this
a feasible approach for some patients [28, 29].
These patients must undergo vigorous follow-up
and bladder surveillance, as by retaining their
bladder they remain at risk of both recurrence and
new bladder tumors.

27.1.5.3 Advanced/Metastatic

First Line Treatment
Currently chemotherapy combinations, contain-
ing cisplatin, form the basis of first line treatment
in advanced or metastatic disease. Both Gemc-
itabine and Cisplatin (GC) and Methotrexate,
Vinblastine, Adriamycin, and Cisplatin (MVAC)
have shown prolonged median survival rates of
13.8 months and 14.8 months [30, 31]. GC is
less toxic than MVAC and is therefore usually
the regimen of choice [30]. It is estimated that up
to 50 % patients with advanced or metastatic
disease are not fit to receive cisplatin therapy,
due to a variety of factors including poor renal
function and performance status [32]. It is com-
mon practice to replace cisplatin with carboplatin
in this situation and to use it in combination with
gemcitabine [33].

Second Line Treatment
Patients progressing following first line
chemotherapy have limited further treatment
options. Vinflunine, a third generation vinca
alkaloid, remains the only licensed treatment in
the second line setting for MBC. However,
despite phase III trial evidence [34] and the lack
of other treatment options, vinflunine has not
been widely adopted into clinical practice.

An alternate strategy if relapse or progression
occurs greater than 6 months after first line
chemotherapy is to rechallenge the patient with
cisplatin based combination chemotherapy or
enrolment in a clinical trial.

New Treatments
In recent years, a large number of cytotoxic and
targeted therapies have been investigated in phase
II and III clinical trials, although these studies have
yet to result in any new licensed treatments. At
present, however, immunotherapy is undergoing a
renaissance in solid cancer treatment. In advanced
bladder cancer, checkpoint inhibitors targeting
programmed cell death (PD-1) and its primary
ligand PD-L1 have demonstrated the most
promising results in the last 30 years. Powles et al.
reported results of an extended phase I trial of
Atezolizumab (MPDL3280A) a PD-L-1 inhibitor
which demonstrated significant activity in
advanced bladder cancer. They showed it is the
most active against tumors with PD-L1 positive
tumor infiltrating immune cells with objective
response rates 43 % (13/30 patients CI 26–63 %),
but still demonstrated objective response rates of
around 11 % (4/35 CI 4–26 %) in PD-L1 negative
tumors [35]. Similarly promising results were
reported by Plimack et al. using Pembrolizumab,
an anti-PD1 antibody [36]. This led to the
US FDA granting this class of agent ‘breakthrough
drug’ status in 2014 and later stage clinical trials
are currently ongoing.

Palliative Treatment
Both surgery and radiotherapy are used as pal-
liative treatments to treat localized symptoms
such as frank hematuria or pain. Skeletal related
events can also be minimized for patients with
bone metastases using intravenous bisphospho-
nates [37]. In the absence of multiple treatment
options for patients with advanced or metastatic
disease, best supportive care remains of great
importance [38].

27.2 Descriptive Epidemiology

27.2.1 Introduction

Globally, 430,000 men and women are diag-
nosed with bladder cancer and 165,000 individ-
uals die each year [1]. The epidemiology of
bladder cancer shows geographical, sex and age
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variations in its incidence, as well as being an
example of a cancer where environmental and
occupational risk factors are important in its eti-
ology. In this section, the descriptive epidemi-
ology will be discussed followed by the known
risk factors for bladder cancer.

27.2.2 Geography

The incidence of bladder cancer varies greatly
between the developed and developing world.
The age-standardized incidence is 9.5 per
100,000 in more developed countries compared
to 3.3 per 100,000 in less developed countries.
The highest incidence is seen in Europe, North
America, North Africa, and the Middle East.
Some of these geographical differences in inci-
dence can be explained by different registration
practices for low-grade NMIBC which may sig-
nificantly increase the recorded incidence.
However, many studies have demonstrated that a
migrant’s risk of developing bladder cancer
approximates to that of their host country, sug-
gesting different environmental factors are also
important [39].

27.2.3 Sex

Bladder cancer incidence across the world is
higher in males than females, with global rates of
9.0 per 100,000 versus 2.2 per 100,000. The sex
difference in incidence tends to mirror that seen
in lung cancer on a country-by-country basis,
suggesting that the difference in smoking habits
between the sexes is largely responsible for the
differences rather than any hormonal or genetic
influences [1].

27.2.4 Trends Over Time

The number of bladder cancer cases have risen
over recent decades, with increases as large as
50 % in North America recorded between 1985
and 2005 [40]. These differences may reflect
change in practice, with increasing registrations

of lower grade tumors, rather than a true increase
in numbers. Mortality rates in localized disease
were static in the United States (U.S.) between
1973 and 2009, whereas they increased in
metastatic disease by an estimated annual per-
centage increase of 1 % [41].

27.2.5 Age

Bladder cancer is a disease of aging, with the
incidence gradually increasing with age in their
30s and 40s, before a sharp rise in both sexes
after the age of 50. Most patients will not die
from bladder cancer but will experience multiple
recurrences. As a result, after prostate cancer
older men with bladder cancer have the highest
prevalence rates [1].

27.3 Risk Factors

27.3.1 Smoking

The most important risk factor for bladder cancer
in the Western world is smoking and this
association has been widely studied. There are
over 60 carcinogens known to be in cigarettes,
although the ones which are individually
responsible for the increased risk of bladder
cancer are not fully established [42]. The tobacco
constituent 4-aminobiphenyl (4-ABP) however,
is a well-established risk factor for bladder can-
cer. It is known to cause chromosomal instability
in human cells [43]. It has also been shown that
smokers of blond tobacco are at lower risk of
bladder cancer than smokers of black tobacco,
which is richer in 4-ABP [44].

One of the largest studies of the association
between smoking and bladder cancer was the
National Institutes of Health-AARP Diet and
Health Study Cohort which included 280,000
men and 186,000 women who were followed
from 1995 to 2006. The hazard ratio (95 % CI)
for bladder cancer in current smokers compared
to non-smokers was 4.1 (95 % CI 3.7–4.5) and
remained elevated in ex-smokers (HR 2.2,
95 % CI 2.0–2.4). The authors estimated the
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population attributable risk of cigarette smoking
to be 50 % in men and 52 % in women [45].
A meta-analysis including 11 case-control stud-
ies looking at ex-smokers and risk of bladder
cancer showed a dose relationship with the
number of cigarettes smoked per day and risk,
although this reached a plateau at 15–20
cigarettes/day. This may be because of inaccu-
rate recall when higher numbers of cigarettes are
smoked per day or could be reflecting saturation
in the biological mechanisms of carcinogenesis.
They also reported a 30 % decrease in risk fol-
lowing cessation at 1–4 years and a 60 %
reduction in risk at 25 years. But even at
25 years the risk did not return to that of never
smokers [46].

The relationship between cigar and pipe smok-
ing is not as well defined. One study looking par-
ticularly at cigar smoking failed to show any
significant increased risk in all cigar smokers (Rel-
ative risk (RR) 1.0, 95 % CI 0.4–2.3), but did show
an increased risk in a subset whom inhaled smoke
(RR 3.6, 95 % CI 1.3–9.9) [47]. Therefore, both the
method and type of smoking appear to be important
in calculating the risk of developing bladder cancer.

Environmental tobacco smoke, also known as
secondhand smoking, has been shown to increase
risk of bladder cancer in lifelong non-smoking
females, but not in non-smoking males. In a
case-control study by Jiang et al. approximately

twofold increased risks were seen among women
living with a spouse or domestic partner who
smoked for greater or equal to 10 years or who
had a co-worker who smoked in an indoor
environment for greater or equal to 10 years [48].
This may, in part be explained by higher quan-
tities of the tobacco constituent 4-ABP in sec-
ondhand smoke [49].

27.3.2 Occupational Exposures

The association between occupational exposures
and increased risk of bladder cancer was first
described as early as 1895. The results of the
first large occupational epidemiological study
was published in 1954 [50] and examined the
exposure of workman in the dye industry to
aniline, benzidine, alpha-naphthylamine, and beta-
naphthylamine. Occupations using these chemicals
such as painters, mechanics, textile and metal
workers have been shown to be at increased risk of
bladder cancer. A RR as high as 40-fold has been
reported for certain occupations but the interven-
tion of health and safety executives, and the
resulting reduction in exposure has contributed to a
decrease in the incidence of occupational related
bladder cancer in the developed world [51]. For a
full list of known carcinogens please see
Table 27.2.

Table 27.2 List of agents known to cause urinary bladder cancer

Carcinogenic agents with sufficient evidence in humans Agents with limited evidence in humans

Aluminum production
4-Aminobiphenyl
Arsenic and inorganic arsenic compounds
Auramine production
Benzidine
Chlornaphazine
Cyclophosphamide
Magenta production
2-Naphthylamine
Painting
Rubber production industry
Schistosoma haematobium
Tobacco smoking
ortho-Toluidine
X-radiation, gamma-radiation

4-Chloro-ortho-toluidine
Coal-tar pitch
Coffee
Dry cleaning
Engine exhaust, diesel
Hairdressers and barbers, occupational exposure
Pioglitazone
Printing processes
Soot
Textile manufacturing
Tetrachloroethylene

From the IARC Monographs on the evaluation of carcinogenic risks to humans. Accessed June 2015 at http://
monographs.iarc.fr/ENG/Classification/Table4.pdf; used with permission
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27.3.2.1 Polyaromatic Hydrocarbons
(PAHs) and Diesel
Engine Exhaust

PAHs arise from substances such as coal tar and
diesel exhaust. Certain occupations including
those working in aluminum and coal production as
well as transport workers may have exposure to
PAHs. There is evidence that ‘heavy exposure,’
variously defined but working with PAHs for at
least 10 years or more, is associated with a mod-
erately increased risk of bladder cancer [52, 53].

27.3.2.2 Hair Dyes
It was established in the 1970s that some hair
dyes contained carcinogens including aromatic
amines and high molecular weight complexes
among other chemicals. Some older epidemio-
logical studies suggested an increased risk of
bladder cancer in hairdressers with occupational
exposure to hair dyes. Manufacture of hair dyes
has now been modernized and there is little or no
evidence that modern hair dyes increase the risk
of bladder cancer [54]. A meta-analysis investi-
gating personal hair dye use and bladder cancer
concluded only a very marginal increased risk
(HR 1.15, 95 % CI 1.05–1.27) [55] in ever users
of hair dye compared to never users.

27.3.3 Infections

27.3.3.1 Schistosomiasis
Schistosomiasis, also referred to as Bilharzia, is a
parasitic infection caused by parasitic worms of the
Schistosoma type. In endemic areas, snails play an
important role in the life cycle initially, harboring
sporocysts, before releasing infectious cercariae,
which then contaminate the water supply. These
become the source of infection to human popula-
tions. Clinically, Schistosomiasis can affect the
liver, gastrointestinal and urinary tracts. In the uri-
nary tract it causes hematuria, infections, strictures,
and ultimately bladder cancer. In contrast to Wes-
tern Europe where TCC of the bladder accounts
for >90 % cases, in Africa, Squamous Cell

Carcinoma (SCC) accounts for as many as 75 % of
bladder cancer cases. The incidence of bladder
cancer in Africa and the Middle East is higher
reflecting this association. In Egypt, bladder cancer
has been the most common cancer in men and is
second only to breast cancer in women [56].
However, due to concerted public health efforts
which have dramatically reduced the prevalence of
Schistosomiasis from *50 % in rural areas to
3.5 % in 2002, the epidemiology of bladder cancer
has shifted in Egypt to reflect a picture much more
like that seen in Western Europe [56].

27.3.3.2 Human Papillomavirus (HPV)
HPV has been studied extensively in relation to
risk of bladder cancer. Several meta-analysis have
shown a small increased risk, the most recent by Li
et al. included 19 cases control studies and repor-
ted an odds ratio of 2.84 (95 % CI 1.39–5.80)
associated with HPV infection [57]. However, in
the same study the prevalence of HPV in bladder
cancer is estimated at only around 17 % and so
HPV is unlikely to play a major etiological role in
most cases of bladder cancer.

27.3.3.3 Chronic Cystitis
Chronic cystitis, specifically in those with spinal
cord injury and/or long-term indwelling cathe-
ters, has been associated with an increased risk of
bladder cancer. Groah et al. conducted a retro-
spective cohort study of people with spinal cord
injuries and found that those who had long-term
indwelling catheters had an increased RR of 4.9
(95 % CI 1.3–13.8) compared to those managed
without a long-term indwelling catheter [58]. The
exact mechanisms underlying these associations
are not known but several plausible explanations
exist. First, chronic cystitis can lead to bacterial
super infection, which results in the production
of carcinogenic nitrosamines. Second, the con-
tinued presence of inflammatory cells can pro-
mote malignancy via changes in the cytokine
environment and lastly inflammation can lead to
genetic polymorphisms which may also increase
the risk of bladder cancer [59].
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27.3.4 Iatrogenic

27.3.4.1 Cyclophosphamide
Cyclophosphamide is an alkylating agent used in
the treatment of some cancers, particularly lym-
phomas, as well as in some autoimmune dis-
eases. It has a number of significant side effects,
one being haemorrhagic cystitis and a resulting
increased risk of bladder cancer [60, 61]. This
risk is clearly dose dependent and is caused by a
urinary metabolite of cyclophosphamide; acro-
lein. The drug mesna binds to acrolein creating
an inert thioether which is then safely excreted
and reduces the risk of both haemorrhagic cys-
titis and bladder cancer [62].

27.3.4.2 Analgesics
Phenacetin was a commonly used analgesic until
its withdrawal in the 1980s when it was con-
firmed as a carcinogen and shown to increase the
risk of urothelial cancers [63]. Phenacetin use has
now been replaced by the use of paracetamol and
non-steroidal anti-inflammatory drugs (NSAIDS)
which have not been shown to increase bladder
cancer. In fact, conversely, some studies have
reported a protective effect of NSAIDS on risk of
bladder cancer [64].

27.3.4.3 Barbiturates
The use of barbiturates as anti-convulsants has in
a small number of studies been associated with a
decreased risk of bladder cancer [65]. It is
hypothesized that the enzyme inducing effect of
these drugs leads to increased metabolism of
carcinogens in cigarette smoke and it is via this
mechanism that the reduced risk is observed [66].

27.3.4.4 Pioglitazone
Pioglitazone is a second generation thiazo-
lidinedione, used in the treatment of diabetes. Its
use has been shown to be associated with a small
increased risk of bladder cancer which increases
with cumulative dose and length of exposure [67,
68]. In 2011, it was withdrawn in France and
Germany, but the European Medicines Agency
and US Food and Drug Administration have
withheld judgment on these findings, advising
that it should not be used in those with history of

bladder cancer. They await further data before a
making a final judgment about its ongoing use
[69].

27.3.5 Diet

27.3.5.1 Fluid Intake
The Harvard Health Professionals Follow-up
Study investigated fluid intake and risk of blad-
der cancer and showed that total daily fluid intake
was inversely associated with the risk of bladder
cancer; the multivariate RR was 0.51 (95 % CI
0.32–0.80) for the highest quintile of total daily
fluid intake (>2531 mL per day) as compared
with the lowest quintile (<1290 mL per day) [70].
The hypothesis being that increased fluid intake
flushes out the bladder and reduces the time in
which carcinogens are in contact with the bladder
urothelium. However, these findings have not
been reproduced in other studies [71, 72].

27.3.5.2 Coffee/Tea/Sweeteners
Coffee consumption and risk of bladder cancer
has been extensively studied, although results
have been mixed. There is debate that the
observed positive association may be largely due
to potential confounding caused by smoking
[73]. However, studies restricted to non-smokers
show a small excess risk remains, although this
was only observed in those drinking very high
levels of coffee (over ten cups/day) [74]. Tea
drinking has also been examined but little evi-
dence of a positive or inverse association has
been found [75]. Artificial sweeteners have also
been linked to bladder cancer, as they have been
shown to cause bladder tumors in rats; however
the consensus is that no increased risk has been
observed in humans [76].

27.3.5.3 Chlorination
Chlorination is the process by which water is
decontaminated and the relationship between the
consumption of chlorinated water and bladder
cancer has been studied. A meta-analysis
including six case-control and two cohort stud-
ies concluded that a small significant increased
risk was seen in men but not in women, with risk
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increasing over long durations of exposure [77].
The hypothesis is that chlorination produces tri-
halomethanes as a by-product and that these
compounds can have adverse health conse-
quences. Although the risks are small, as the vast
majority of the world’s population are exposed
this could potentially be a clinically important
association.

27.3.5.4 Arsenic
In some areas, including Taiwan and Chile, very
high levels of arsenic are found in the natural
water supply. As a result of this geographical
localization most of the epidemiological studies
examining the relationship between arsenic
exposure and bladder cancer have focused in
these areas and many have found an increased
risk. Some studies have shown relatives risks as
high as 6 for men and 13 for women associated
with arsenic in drinking water up to levels as
high as 580 μg/L compared to normal levels of
exposure [78]. These risks have been shown to
reduce following measures to decrease the level
of arsenic exposure in these populations [79].
The underlying mechanism is not fully under-
stood but arsenic is known to interfere with DNA
repair, leading indirectly to DNA damage and
carcinogenesis [78].

27.3.6 Additional Risk Factors

Several studies have investigated a range of
epidemiological factors, including alcohol [80],
physical activity [81], obesity [81] and hormonal
factors [82]. In general, the results of prospective
studies suggest no association between these
factors and the risk of bladder

27.4 Summary

Epidemiologically bladder cancer shows geo-
graphic, sex, and age-specific variations in inci-
dence. A number of lifestyle and environmental
factors have been identified, the most important
of which is smoking. Bladder cancer is a

clinically significant disease, causing consider-
able morbidity and mortality worldwide. Treat-
ment options though varied and effective in
early stage disease are limited for advanced and
metastatic disease. The emergence of new
immunotherapies, however, provides hope of
improved outcomes for these patients.
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28Bladder Cancer

Elizabeth L. Kehr and Justine A. Barletta

28.1 Introduction

In this chapter we will focus on the histopathol-
ogy and molecular alterations of bladder cancer.
As background, we begin with an introduction to
bladder embryology, normal anatomy, and nor-
mal histology of the bladder. Neoplastic pro-
cesses of the bladder will subsequently be
outlined with an emphasis on papillary urothelial
carcinoma. Immunohistochemistry of normal and
neoplastic urothelium will be discussed, and the
chapter will conclude with an appraisal of our
current understanding of the molecular alter-
ations of urothelial carcinoma.

28.2 Embryology
and Development
of the Urinary Bladder

The urinary bladder forms early in gestation. The
allantois, the connection between the embryo and
the yolk sac, plays a key role in bladder
embryogenesis. As the embryo develops from a
flat disc to a folded structure, the allantois is
partially incorporated into the body of the embryo
where it forms the endodermal-lined cloaca.

During the fourth to seventh week of develop-
ment, the cloaca divides into the urogenital sinus
anteriorly and the anal canal posteriorly. The
urogenital sinus is further divided into three
components: the bladder, the membranous ure-
thra and prostate, and the phallus. The majority of
the bladder epithelium is derived from the cloacal
endoderm. However, the trigone of the bladder
develops from the dilatation, fusion and incor-
poration of the mesonephric ducts into the uro-
genital sinus. The posterior wall, bladder dome,
and portions of the lateral walls arise from mes-
enchyme surrounding the urogenital sinus when
the allantois divides into the urogenital sinus and
the rectum. The anterior wall and portions of the
lateral walls develop in conjunction with the
closure of the infraumbilical abdominal wall. The
point of connection between the allantois and the
bladder, called the urachus, is at the anterior
superior aspect of the bladder. The allantois
involutes to become the median umbilical liga-
ment in most adults [1, 2]. The ureteric buds form
as caudal sprouts off the mesonephric ducts. The
portion of the ureteric buds in contact with the
metanephric blastema undergo successive rounds
of branching morphogenesis to create the upper
tract collecting system. The portion of the ureteric
buds lying outside the metanephros differentiate
into ureters. The upper and lower tract join when
the ureters undergo transposition, moving their
primary insertion sites from the mesonephric
ducts to the urogenital sinus [3].
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28.3 Normal Anatomy
of the Urinary Bladder

The bladder is a hollow, distensible organ that is
located in the pelvis and acts as a receptacle for
urine that is excreted by the kidneys and enters
the bladder via the ureters. Gross photographs of
cystectomy specimens are shown in Fig. 28.1. In
both sexes, the bladder is bound anteriorly by the
pubic symphysis and laterally by the internal
obturator and levator ani muscles. The superior
aspect, also referred to as the “dome,” is lined by
peritoneum in both sexes. This is the site of the
embryologic urachus, remnants of which remain
in many people. In children they can act as a
source of infection, and in adults they can give
rise to rare urachal adenocarcinomas. In men, the
inferior aspect abuts the prostate, whereas in
women, it abuts the muscles of the pelvic floor.
The posterior bladder abuts the rectum and
seminal vesicles in men and the cervix and
vagina in women. The ureters enter the bladder
through the internal ureteric orifices at the pos-
terolateral walls to form the apices of the trigone,
the triangle formed by the ureters and the internal
urethra. The urethra is a sphincter-bound tube
that drains the bladder.

The arterial blood supply of the bladder stems
from the internal iliac arteries in the following
manner: the inferior vesicle arteries arise directly

from the internal iliac arteries and the superior
vesicle arteries branch from the umbilical arter-
ies. Smaller vessels branch from the uterine
arteries in women and from obturator and inter-
nal pudendal arteries in both sexes. The blood
from the bladder drains through the vesical
venous plexus into the internal iliac veins.

Innervation of the bladder is predominantly
autonomic [1, 4, 5], with both a parasympathetic
and sympathetic nerve supply. The main bladder
muscle (otherwise known as the detrusor muscle
or muscularis propria) is dominated by parasym-
pathetic activity stimulating motor activity and
inhibiting the internal urethral sphincter, while
sympathetic fibers are inhibitory to the detrusor
and motor to the sphincter. Sympathetic nerves
that innervate the bladder neck are also important
in males, as they prevent the reflux of semen into
the bladder during ejaculation. While the internal
urethral sphincter (smooth muscle) is under auto-
nomic nerve control, the external urethral sphinc-
ter (skeletal muscle) is under somatic nerve control
by the pudendal nerve, and detects bladder dis-
tention via muscle tension and stretch receptors.
Parasympathetic pre-ganglionic nerves are located
in the sacral spinal cord and run via ventral roots to
the parasympathetic ganglion next to the pelvic
organs. In the bladder, the ganglia are located in
the detrusor muscle and in the vesicle venous
plexus. In contrast, the pre-ganglionic sympathetic

Fig. 28.1 Gross photographs of cystectomy specimens.
aCystectomy specimen prior to opening of the bladder. The
shiny surface represents serosa while the more ragged
surfaces represent surgical margins. b A bivalved cystec-
tomy specimen (coronally cut) reveals normal bladder

mucosa. The blue and black surfaces were inked at the time
of gross evaluation of the specimen. c A bivalved cystec-
tomy specimen (coronally cut) reveals a large exophytic
tumor involving the entire posterior wall of the bladder. The
probes are passing through the ureteral orifices
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nerves located in the thoraco-lumbar spine
(T1-L2) connect to post-ganglionic fibers in the
sympathetic trunk ganglion. The post-ganglionic
sympathetic nerves run with the hypogastric nerve
into the pelvis.

28.4 Normal Histology
of the Urinary Bladder

Histologically, the bladder is comprised of four
layers: urothelium, lamina propria, muscularis
propria, and adventitia or serosa [5]. A photomi-
crograph of normal bladder histology is shown in
Fig. 28.2. The urothelium is a specialized
epithelium that is also referred to as “transitional
cell epithelium.” The normal urothelium aver-
ages about 5 layers in thickness, but varies
between 2 and 7 layers depending on the degree
of bladder distention. The layer closest to the
lamina propria is the basal layer and is charac-
terized by cuboidal cells with small round nuclei

and relatively scant cytoplasm. The intermediate
cell layers make up the majority of the thickness
of the urothelium. These cells are polyhedral to
columnar in shape with slightly more cytoplasm
than the basal layer. The cells of the basal and
intermediate layers have sparse desmosomes
which facilitates their ability to flatten and slide
over one another during bladder distension [1].
At the luminal surface of the urothelium is an
umbrella cell layer comprised of large cells
which often cover two or more intermediate
cells. While umbrella cells can have large,
irregular nuclei, the nuclear to cytoplasmic ratio
of umbrella cells is low (averaging 1:4–5), which
acts as a clue to their benignity [1]. Normal
urothelium has an orderly, stratified appear-
ance. A thin basement membrane separates the
urothelium from the underlying lamina propria,
which is a layer of connective tissue between the
urothelium and muscularis propria. It is com-
prised of connective tissue containing a network
of vessels, lymphatics, nerve endings and elastic
fibers. Small vessels closely approximate the
urothelial mucosa such that denudation or other
mucosal disturbances often cause bleeding. Also
within the lamina propria, there is a vestigial
muscularis mucosae, analogous to the homony-
mous layer in the intestine, that is characterized
by small discontinuous fascicles of smooth
muscle. Adipose tissue may also be present
within the lamina propria, a fact important to
note for correct staging of urothelial tumors [1].
The thickness of the lamina propria changes with
anatomic location and is notably narrow at the
bladder neck. The muscularis propria is com-
prised of rounded bundles of smooth muscle with
loosely anastomosing, ill-defined internal and
external longitudinal layers and a prominent
middle circular layer of muscle. It is distin-
guished from the muscularis mucosae by the
bundling arrangement and the large caliber of the
smooth muscle fascicles. In males, the muscu-
laris propria at the bladder neck is continuous
with the fibromuscular tissue of the prostate. In
the region of the bladder neck, the muscularis
propria gradually decreases in size and extends
nearly to the mucosal surface. Accurate inter-
pretation of the anatomic layers of the bladder

Fig. 28.2 Normal bladder histology. The arrow indicates
the urothelium. One star indicates lamina propria and two
stars represent muscularis propria
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wall is vital to correct staging of a patient with a
primary bladder malignancy [1, 5].

28.5 Overview of Bladder
Neoplasms

The urothelium gives rise to over 90 % of
bladder tumors. Urothelial-derived bladder neo-
plasms can broadly be divided in two ways:
papillary versus flat processes, and, for carci-
noma, non-muscle invasive bladder cancer
(NMIBC) and muscle invasive bladder cancer
(MIBC). Papillary lesions include benign and
malignant neoplastic processes, are generally
easily identified at cystoscopy and histologically
are characterized by urothelium lining lamina
propria with fibrovascular cores. Carcinoma
in situ (CIS) is the main flat neoplastic process. It
can appear as a flat red lesion on cystoscopy or
may be cystoscopically inapparent. NMIBC is
defined as carcinoma that does not invade the
muscularis propria (invasion of muscularis
mucosae is allowed) and represents 75–85 % of
bladder cancer [6]. NMIBC includes papillary
urothelial carcinoma confined to the basement
membrane and thus without invasion into lamina
propria (70 % of NMIBC), papillary urothelial
carcinoma with invasion into the lamina propria
but without invasion of the muscularis propria

(20 % of NMIBC), and CIS (10 % of NMIBC)
[6]. NMIBC is often a multifocal disease and
has a propensity for multiple recurrences. Over-
all, the prognosis of NMIBC is good, with a
five-year survival rate approaching 90 % if
treated with surgical resection and intravesical
immunotherapy [7]. About 15 % of NMIBC
progresses to MIBC, at which point the outcome
is similar to that of tumors that presented initially
as MIBC [8, 9]. The majority (85 %) of MIBC is
diagnosed as muscle invasive at presentation [7].
MIBC predominantly arises from CIS, though
roughly 15 % arises from papillary carcinoma
[7]. MIBC is an aggressive disease, and at least
50 % of patients die from metastases within
2 years of diagnosis [7, 8].

28.6 Benign and Low Risk
Papillary Lesions
of the Bladder

The histologic subclassification of papillary
lesions takes into account both the architecture
and the cytologic features of the urothelium [5].
The pathologic diagnosis of the papillary lesion
links histologic features with predictions of
clinical behavior. Photomicrographs of benign
and low risk papillary lesions of the bladder are
shown in Fig. 28.3.

Fig. 28.3 Benign and low risk papillary lesions of the
bladder. a A papilloma demonstrating thin papillae with
fibrovascular cores lined by urothelium of normal thickness
and lacking cytologic atypia. b An inverted papilloma
demonstrating endophytic growth and a characteristic

complex architecture. c A papillary urothelial neoplasm
of low malignant potential. The urothelium is slightly
thicker than that of the papilloma, however, this tumor lacks
significant cytologic atypia and mitoses are absent
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28.6.1 Papillary Hyperplasia

Papillary hyperplasia (also termed urothelial pro-
liferation of uncertain malignant petential) is a rare
pathologic diagnosis. In one retrospective review
an incidence of 0.4 %was reported [10]. Papillary
hyperplasia lacks the complex architecture of a
true papillary neoplasm. Instead, the urothelium is
thicker than normal urothelium (i.e., there is an
increase in the number of urothelial cell layers)
and has an undulating, folded appearance. The
hyperplastic urothelium is cytologically benign
with a similar appearance to the adjacent normal
urothelium [10]. Loss of heterozygosity of chro-
mosome 9, one of the most common molecular
changes in urothelial carcinoma, is seen in
approximately half of cases of papillary hyper-
plasia [11]. Based on this finding, papillary
hyperplasia has been considered a non-obligate
precursor to papillary urothelial carcinoma.

28.6.2 Papilloma

Papillomas of the bladder are benign lesions with
two distinct patterns including an exclusively
exophytic variant (“papilloma”) and an exclu-
sively endophytic or inverted variant (“inverted
papilloma”). Papillomas can occur in two settings:
on their own (i.e., diagnosed in isolation) or in the
context of a concurrent or prior urothelial neo-
plasm of higher malignant potential. The follow-
ing discussion is limited to papillomas that are
diagnosed in isolation. Papillomas are rare lesions
that typically occur in younger patients. Histo-
logically, they are composed of thin, finger-like
papillae with central fibrovascular cores lined by
urothelium of normal thickness lacking cytologic
atypia or mitotic activity. Clinicopathologic
studies of papillomas describe a benign clinical
course. Roughly 10 % of papillomas recur, and
only rare cases demonstrate malignant tumors on
follow-up [12, 13]. Accurate histologic catego-
rization of papillomas using strict diagnostic cri-
teria is vital to correctly predict risk of recurrence
and progression.

Inverted papillomas are uncommon urothelial
neoplasmswith a distinctive cystoscopic appearance

and histomorphology [1]. Cystoscopically, inverted
papillomas are solitary lesions with a raised or
polypoid shape and a smooth surface. They are
sharply demarcated and rarely exceed 3 cm in size,
although cases as large as 8 cm have been described
[1]. Histologically, inverted papillomas are endo-
phytic lesions comprised of anastomosing nests of
urothelium. Although the architecture appears
complex, theurothelium remainswell polarized (i.e,.
normal stratification of urothelium is present) and
while the cells may have a somewhat spindled
appearance, they lack significant atypia or mitotic
activity.Often theoverlyingurothelium is normal. In
some cases the surrounding stroma may be fibrotic;
however, inverted papillomas lack the desmoplastic
stromal response (i.e., a loose fibroblastic prolifera-
tion similar in histologic appearance to an early scar)
that is incited by invasive carcinoma. Inverted
papillomas are benign lesions, and tumor recur-
rences are rare [14].

28.6.3 Papillary Urothelial Neoplasm
of Low Malignant
Potential

The category of papillary urothelial neoplasm of
low malignant potential (PUNLMP) was created
to describe papillary tumors that have abnormally
thick urothelium but lack significant cytologic
atypia [15]. Histologically, PUNLMPS have
delicate fibrovascular stalks that are lined by a
normal to slightly thickened urothelium (> 7
cells layers) with only slight cytologic atypia.
PUNLMPs demonstrate evenly spaced urothelial
cells with preserved polarity and an intact
umbrella cell layer. The cells may be grooved,
but lack prominent nucleoli or mitotic figures [1,
5]. PUNLMP is a fairly recently accepted diag-
nosis in urologic pathology [5]. Most tumors that
are now diagnosed as PUNLMPs were previ-
ously diagnosed as low grade urothelial carci-
nomas. While the diagnosis of PUNLMP has
been somewhat controversial due to inconsistent
findings demonstrating a difference in clinical
outcome parameters from low grade papillary
urothelial carcinoma, the diagnosis has allowed
pathologists to avoid labeling some patients with
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very low grade histologic tumors with cancer,
while still rendering a diagnosis that prompts
appropriate clinical follow-up. Overall,
PUNLMPs are considered to have lower rates of
disease recurrence and progression compared to
low grade urothelial carcinoma. For example, in
a study of 1,515 cases of NIBC, PUNLMPs
represented 14 % of cases, had a recurrence rate
of approximately 18 %, progressed in 2 % of
cases, and had a mortality rate of zero. In con-
trast, low grade papillary urothelial carcinoma
had a recurrence rate of 35 %, progressed in
approximately 7 % of cases, and had a mortality
rate of 2 % [16]. Given the recurrence potential
of PUNLMPs, these patients are followed with
regular bladder cystoscopies.

28.7 Urothelial Carcinoma

28.7.1 Papillary Urothelial
Carcinoma

Papillary urothelial carcinoma accounts for 90 %
of NMIBC [6]. These tumors are generally
readily apparent cystoscopically. Papillary
urothelial carcinoma is often multifocal. Histo-
logically these tumors again have a papillary

architecture, however, in contrast to papillomas
and PUNLMPs, the urothelium lining the
fibrovascular cores is generally markedly thick-
ened (well over 7 cell layers thick) and the
papillae often have a complex, branching archi-
tecture. Additionally, there is a variable degree of
cytologic atypia and mitotic activity. Photomi-
crographs of papillary urothelial carcinoma are
demonstrated in Fig. 28.4. The two main out-
come parameters of clinical significance for
NMIBC are disease recurrence and disease pro-
gression (with progression defined as deeper
invasion on subsequent biopsy or resection).
While clinical parameters such as number of foci
of tumor, size of tumor, and prior recurrence rate
are the most important factors influencing disease
recurrence, pathologic findings including grade
of tumor, presence of lamina propria invasion,
and presence of CIS are the drivers of rate of
disease progression for NMIBC [6, 17].

28.7.2 Histologic Grading

Papillary urothelial carcinoma is classified as
high grade or low grade according to the 2004
World Health Organization/International Society
of Urologic Pathology (WHO/ISUP) grading

Fig. 28.4 Papillary urothelial carcinoma. a Low grade
papillary urothelial carcinoma. While the urothelium is
clearly well over 7 cell layers, the polarity of the
urothelium is maintained, the cells are uniform, the
cytologic atypia is mild, and only scattered mitoses are

present in the lower half of the urothelium. b High grade
papillary urothelial carcinoma. The layers of urothelium
are disorganized, the nuclei are markedly enlarged and
demonstrate dark, smudgy chromatin. Mitoses and apop-
totic cells are readily identified throughout all cell layers
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system [15, 16]. This grading system is most
useful for NMIBC since virtually all MIBC is
high grade. The current system represents a
revision of the 1973 WHO classification of
urothelial tumors to a system identical to that
proposed by ISUP. The 2004 WHO/ISUP system
brought both important categorical and threshold
changes to the 1973 WHO system. While the
1973 WHO system categorized urothelial carci-
noma into three grades (grades 1–3), the 2004
WHO/ISUP system categorizes carcinomas as
low or high grade and additionally added the
diagnosis of PUNLMP (discussed above).
Tumors that were previously grade 1 according
to the 1973 WHO grading system are virtually all
low grade under the 2004 WHO/ISUP system
(rarely tumors that were previously considered
grade 1 urothelial carcinomas are now diagnosed
as PUNLMPs). Tumors that were previously
grade 3 according to the 1973 WHO grading
system are all high grade under the 2004
WHO/ISUP system. Finally, tumors that were
previously grade 2 according to the 1973 WHO
grading system now may be categorized as low
or high grade under the 2004 WHO/ISUP grad-
ing system depending on the degree of archi-
tectural and cytologic atypia and the proliferative
activity of the tumor [5]. The current system,
reflecting a scheme proposed by Malmstrom
et al. [18], describes a spectrum of cytologic and
architectural features for high and low grade
papillary urothelial carcinomas and PUNLMPs.
Architectural features that are assessed include
the complexity of the papillae and the overall
organization of the cells (i.e., are the layers of
urothelial cells polarized or is there a lack of
organization of cell layers, resulting in a jumbled
appearance). Cytologic features include nuclear
size, shape, characterization of the chromatin,
presence of nucleoli, and degree of variability of
nuclear size and shape (i.e., nuclear pleomor-
phism). Proliferative indices include the number
and location of mitoses and the presence of
apoptotic cells or karyorrhectic debris. Tumors
are graded based on the highest grade present
within the tumor, even if it represents a small
region of the tumor [5].

28.7.3 Low Grade Papillary Urothelial
Carcinoma

The histomorphology of low grade papillary
urothelial carcinoma is characterized by variably
complex papillary structures lined by thickened
urothelium. An overall orderly architecture is
maintained. Tumor cells are uniform and show
mild nuclear atypia with slight nuclear enlarge-
ment, vesicular chromatin, and small nucleoli.
Mitotic figures and apoptotic cells can be seen
but are infrequent and confined to the lower half
of the urothelium [5]. Low grade papillary
urothelial carcinoma represents approximately
40 % of cases of NMIBC [16]. The recurrence
rate for low grade papillary urothelial carcinoma
is approximately 35–50 % [15, 16]. In a study by
Samaratunga et al., the rate of progression for
low grade papillary tumors lacking lamina pro-
pria invasion was approximately 11.5 % in a
90-month follow-up period, with 10 % pro-
gressing to tumors with lamina propria invasion
and 1.5 % progressing to MIBC [17]. The mor-
tality rate for low grade papillary urothelial car-
cinoma is very low, at approximately 2.0 % [16].

28.7.4 High Grade Papillary
Urothelial Carcinoma

High grade papillary urothelial carcinoma is
characterized by moderate to marked architec-
tural and cytologic atypia. The cells are disor-
ganized with uneven spacing and a lack of
stratification of cell layers. Frequently the cells
are more discohesive than seen with low grade
tumors. Cytologically, the nuclei demonstrate
moderate to marked nucleomegaly, hyperchro-
masia, chromatin clumping, and often large
nucleoli. Nuclear pleomorphism may also be
marked. Mitotic activity and karyorrhectic debris
is easily appreciated, and mitoses are seen at all
levels of the urothelium [5]. High grade papillary
urothelial carcinoma represents roughly 40 % of
cases of NMIBC [16]. The recurrence rate for
high grade papillary urothelial carcinoma is
approximately 35–60 % [15, 16], and the rate of
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progression for high grade papillary tumors
lacking lamina propria invasion is approximately
45 % in a 90-month follow-up period, with
approximately one third progressing to tumors
with lamina propria invasion and roughly 15 %
progressing to MIBC [17]. The mortality rate for
non-muscle invasive high grade papillary
urothelial carcinoma is approximately 20 % [16].

28.7.5 Carcinoma In Situ

CIS is defined as a flat (generally 7 cell layers or
less) neoplastic proliferation of urothelial cells
without breach of the basement membrane that
demonstrates severe cytologic atypia [5, 19]. It is
frequently multifocal, can be coincident with
high grade papillary urothelial carcinomas else-
where in the bladder, and only rarely is seen in
association with low grade papillary tumors [1].
The classic cystoscopic appearance of CIS is an
area of erythematous mucosa, but it can also be
cystoscopically inapparent. Histologically, CIS is
characterized by nuclei that are roughly 5 times
the size of a normal lymphocyte, with nuclear
membrane irregularities, and often large, promi-
nent nucleoli. Frequent mitotic figures including
atypical forms can be seen. An additional finding
supportive of CIS is neovascularization of the
lamina propria directly beneath the neoplastic

proliferation, a finding that explains the erythema
seen on cystoscopy [5]. As a result of the dis-
cohesive nature of CIS, the affected area can be
largely denuded with single neoplastic cells left
clinging to the basement membrane. The primary
histologic differential diagnosis is reactive atypia,
a concerning differential given the vastly differ-
ent clinical implications. Photomicrographs of
CIS and reactive atypia are demonstrated in
Fig. 28.5. Features of reactive atypia include
moderate nucleomegaly with fine chromatin
texture and a single central nucleolus. Overall,
reactive proliferations tend to maintain their
polarity, but often have increased mitotic activity
—which can be equivalent to the level seen with
CIS. CIS frequently harbors TP53 mutations, a
frequent mutation in MIBC [20]. Approximately
half of cases of CIS treated with resection or
fulguration alone progress to MIBC within four
years [21]. First-line therapy for CIS is intrav-
esical Bacillus Calmette-Guerin (BCG), with
radical cystectomy performed in the setting of
BCG failure and recurrent CIS [15, 21].

28.7.6 Invasive Urothelial
Carcinoma

The definition of invasive carcinoma is a malig-
nant lesion that breaches the basement membrane

Fig. 28.5 Carcinoma in situ (CIS) versus reactive
change. a CIS demonstrating cells with large nuclei with
course chromatin and scattered mitoses. b Reactive

atypia. While the nuclei are large, the chromatin is
delicate with variably present single, small nucleoli
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of a mucosal surface. Invasive urothelial carci-
nomas present cystoscopically as polypoid, ses-
sile, ulcerated, or infiltrative lesions [5]. The
histology is variable with two distinct patterns.
Most lamina propria invasive tumors are papil-
lary, well differentiated, and have minimal
invasion. Most muscle invasive lesions are non-
papillary, high grade, and have extensive inva-
sion [4]. Photomicrographs of lamina propria
invasion and muscularis propria invasion are
demonstrated in Fig. 28.6.

In the case of early lamina propria invasion,
which generally occurs at the base of the lesion
but can also be present in the papillary stalk,
invasion may be difficult to distinguish from
tangential sectioning. Early invasion is charac-
terized by small irregular nests or single cells
infiltrating into the lamina propria. Histologic
clues of lamina propria invasion include retrac-
tion around the infiltrating cells, paradoxical
differentiation (e.g., invasive nests of cells with
abundant eosinophilic cytoplasm), and a stromal
reaction such as desmoplasia or inflammation
[4]. The presence of lamina propria invasion is
clinical significant. For example, while the dif-
ference in recurrence rate is not significantly
different between noninvasive high grade papil-
lary urothelial carcinoma and high grade papil-
lary urothelial carcinoma with lamina propria
invasion, the risk of progression to MIBC is

significantly higher [6]. Current staging does not
take into account the extent of lamina propria
invasion, however, there are studies demonstrat-
ing different rates of disease progression to
MIBC based on the extent of lamina propria
invasion [22, 23]. For this reason, it is possible
that in the future the extent of lamina propria
invasion will become a staging parameter. Pap-
illary tumors both with and without lamina pro-
pria invasion are usually managed with
transurethral resection (i.e., local resection) with
or without intravesical therapy.

Most MIBC demonstrates nests or sheets of
high grade urothelial carcinoma unequivocally
surrounding or obliterating bundles of muscularis
propria. The cytology of infiltrating urothelial
carcinoma is variable, but is most often charac-
terized by polygonal tumor cells with moderate
eosinophilic to amphophilic cytoplasm, large
hyperchromatic nuclei, and numerous mitoses
[4]. As previously indicated, MIBC is an
aggressive disease with 50 % of patients dying of
metastatic disease within two years of diagnosis
[7, 8]. For MIBC, the stage (see below) is the
most prognostically significant factor, however,
other findings such as the presence of lympho-
vascular invasion and the margin status have also
been shown to be prognostically significant and
are therefore documented in the pathology report
[24, 25]. MIBC is traditionally treated by

Fig. 28.6 Urothelial carcinoma with invasion. a Tumor
invading the lamina propria. Retraction artifact highlights
small irregular nests and single cells present within the

lamina propria. b Tumor invading the muscularis propria.
Nests of tumor infiltrate the large caliber muscle bundle
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cystectomy, however, in the last 10 years there
has been a shift toward treatment with neoadju-
vant chemotherapy. Grossman et al. [26]
demonstrated that compared with radical cystec-
tomy alone, the use of neoadjuvant chemotherapy
(methotrexate, vinblastine, doxorubicin, and cis-
platin) followed by radical cystectomy is associ-
ated with improved survival in patients with
MIBC (median survival 77 compared to
46 months). Approximately 40 % of patients
have a complete pathologic response, with no
tumor found upon histologic evaluation of the
cystectomy specimen. Patients with a complete
response do significantly better than those with
residual disease (85 % are alive at 5 years) [26].

28.7.7 Pathologic Staging

Pathologic staging of urothelial tumors links the
pathologic findings to predictions of outcome
and therefore is one of the principle variables in
treatment decisions [5]. The American Joint
Committee on Cancer/International Union
Against Cancer (AJCC/UICC) TNM (tumor,
node, metastasis) staging system is the most
widely used staging system [24]. The T stage of
urothelial carcinoma is based on the deepest
extent of invasion of carcinoma into the bladder
wall. T0 refers to a cystectomy specimen without
evidence of residual carcinoma, in which case the
entire lesion was presumably removed prior to
cystectomy. Noninvasive disease (i.e., disease
confined to the basement membrane) is desig-
nated as Ta if the lesion is papillary and Tis if the
lesion is CIS. T1 tumors invade the lamina pro-
pria, but not the muscularis propria. T2 tumors
invade the muscularis propria and are further
subclassified as T2a, tumors involving the inner
half of the muscularis propria, and T2b, tumors
involving the outer half of the muscularis pro-
pria. T3 tumors invade the perivesical adipose
tissue. T3 is also further subdivided with T3a
defined as microscopic invasion of the perivesi-
cal adipose tissue and T3b defined as gross
invasion of the perivesical adipose tissue. T4
tumors invade adjacent organs. N and M reflect
lymph node and distant metastases, respectively.

For tumors that were treated with neoadjuvant
therapy a “y” will precede the TNM stage.

28.8 Histologic Variants
of Urothelial
Carcinomas and Other
Malignancies Involving
the Bladder

28.8.1 Histologic Variants

Urothelial carcinoma can express a wide range of
morphologies. In the bladder, the term variant is
used to denote microscopic forms of urothelial
carcinoma that vary from the typical urothelial
carcinoma that was described above [4, 27].
Approximately 25 % of bladder urothelial car-
cinomas have mixed histology with tumors
showing areas of typical urothelial carcinoma
and areas of variant morphology. Variant mor-
phology is important to recognize since it can
impact histologic interpretation, therapeutic
approach and prognosis. The presence of any
amount of variant morphology is reported. In
general, variant expression tracts with high grade
urothelial carcinoma [28].

While a complete discussion of all described
histologic variants is outside the scope of this
chapter, a few subtypes are described. Photomi-
crographs of some examples of histologic variants
are shown in Fig. 28.7. Urothelial carcinomas
with squamous and glandular differentiation rep-
resent the most common variants and are present
in up to 60 % and 10 % of urothelial carcinomas,
respectively. Squamous differentiation is defined
as cells with keratin production and intercellular
bridges. Tumors with glandular differentiation
usually demonstrate small tubules composed of
cuboidal cells, though occasionally urothelial
carcinoma with glandular differentiation demon-
strates enteric-like differentiation with tumor cells
with cigar-shaped nuclei and associated necrosis.
Rarely urothelial carcinomas with glandular dif-
ferentiation have areas with signet ring cells or
mucinous differentiation. While some studies
have shown worse outcomes in these variants, this
finding is not significant once the results are
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adjusted for tumor stage [28, 29]. The micropap-
illary variant of urothelial carcinoma comprises
between 1 and 6 % of urothelial carcinomas, but
is worth mentioning due to the worse disease-
specific survival compared with patients with pure
urothelial carcinoma [28, 29]. The micropapillary
variant exhibits two distinct morphologic fea-
tures. Surface tumors have slender fine papillary
and filiform processes, while the invasive portion
has tiny nests/rings of tumors cells that are con-
tained within lacunae. Most of these tumors pre-
sent as MIBC, and lymphovascular invasion and
metastatic disease are both frequently associated
with micropapillary urothelial carcinoma. Meta-
static foci tend to retain a micropapillary archi-
tecture. The nested variant of urothelial carcinoma
is described as “deceptively benign” with the
nests of tumor closely resembling von Brunn nests
(a benign, reactive process characterized by a
proliferation of nests of urothelial cells beneath
the surface urothelium). Awareness of this sub-
type can prevent the misclassification of the nes-
ted variant as a benign lesion. Finally, urothelial
carcinoma with sarcomatoid differentiation rep-
resents < 1 % of bladder cancers. Studies show
that this variant has a worse outcome than high
grade urothelial carcinomas of the usual type [30].
Urothelial carcinoma with sarcomatoid differen-
tiation represents a high grade urothelial carci-
noma in which areas of the tumor demonstrate
spindled growth characteristic of sarcomas. Some

of these tumors even demonstrate heterologous
differentiation with elements such as heterologous
osteosarcoma present within the tumor [30].

28.8.2 Other Malignancies

Whereas 90 % of bladder cancer cases are
urothelial carcinomas, the remaining 10 % rep-
resent a heterogeneous group of neoplasms [29].
Neoplasms considered separate from urothelial
carcinoma include (but are not limited to) other
epithelial neoplasms such as pure squamous cell
carcinoma or pure adenocarcinoma, small cell
carcinoma, secondary malignancies (i.e., tumors
originating from other organs secondarily
involving the bladder), and mesenchymal neo-
plasms [4]. Though a complete discussion of
these tumor types is beyond the scope of this
chapter, a few of the most common tumor types
in adults are discussed below.

Pure squamous cell carcinoma of the bladder
(i.e., a tumor that lacks a component of typical
urothelial carcinoma) occurs in two forms:
squamous cell carcinoma related to Schistosoma
hematobium infection and non-schistosomal
squamous cell carcinomas. Schistosomal squa-
mous cell carcinoma (SCC) is common in Egypt
and other countries harboring the trematode
S. hematobium. Adult worms that reside in the
veins draining pelvic organs release terminal

Fig. 28.7 Urothelial carcinomas demonstrating variant
morphology. a Squamous differentiation with keratiniza-
tion. b Glandular differentiation with tubules lined by
cuboidal cells. c Micropapillary differentiation. Small

rings and nests of cells are present within lacunar spaces.
d Sarcomatoid differentiation. The tumor has a spindled
architecture
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spine eggs that penetrate the bladder and are
excreted in the urine. Schistosome-related blad-
der cancer is a prevalent disease in Egypt,
accounting for approximately one third of the
total cancer incidence [31]. The 5 year survival
rate is about 50 %. Non-schistosomal squamous
cell carcinomas represent around 5 % of bladder
cancers in western countries [32]. There is a
strong association with long standing bladder
irritation and the development of squamous cell
carcinomas [32].

Pure adenocarcinomas of the bladder (i.e., a
tumor that lacks a component of typical urothe-
lial carcinoma) are rare, representing around
2.5 % of malignant bladder cancers. By defini-
tion, adenocarcinomas are comprised entirely of
glandular elements and include both primary
adenocarcinomas of the bladder and urachal
carcinomas. Exclusion of secondary malignan-
cies is always important when evaluating an
adenocarcinoma involving the bladder. Most
cases of primary bladder adenocarcinomas occur
in the setting of intestinal metaplasia. Urachal
carcinomas arise from urachal remnants and thus
involve the muscular wall of the bladder dome.
Classically, the histology of urachal adenocarci-
nomas is mucinous type, although signet ring,
enteric and mixed types are also described [4].

Small cell carcinoma represents between 1
and 2 % of cases of bladder cancer. Recognition
of small cell carcinoma is prognostically signif-
icant and affects management decisions such as
chemotherapy regimen. Small cell carcinoma is
defined as a malignant neuroendocrine neoplasm
that mimics its pulmonary counterpart [4]. These
carcinomas are comprised of invasive nests and
sheets of uniform cells with scant cytoplasm,
nuclear molding, finely stippled chromatin, and a
very high proliferative rate. Small cell carcinoma
is an aggressive disease, with over 90 % of
patients presenting with muscle invasive disease
and two-thirds developing systemic metastases.
The reported 5 year survival ranges between 8
and 40 %, depending on treatment and disease
stage [29].

Finally, secondary malignancies represent
roughly 2 % of malignant tumors of the bladder
and involve the bladder either by direct extension

(accounting for roughly 70 % of cases) or as
metastatic disease [33]. Tumors that most fre-
quently involve the bladder by direct extension
include prostate cancer, colorectal cancer, and
Müllerian malignancies, while gastric cancer,
malignant melanoma, lung cancer, and breast
cancer are the most frequent malignancies to
involve the bladder as metastatic disease [33].
Some of these tumors are clearly not bladder
primaries based on the histomorphology, how-
ever, other cases may require immunohisto-
chemical stains to determine site of primary (see
below discussion of immunohistochemistry).
Additionally, information regarding a history of
malignancy as well as information regarding
clinical and radiologic findings is essential and
should always be provided to the pathologist.
Photomicrographs of a case of malignant mela-
noma metastatic to the bladder mimicking a high
grade papillary urothelial carcinoma is demon-
strated in Fig. 28.8.

28.9 Immunohistochemistry

Urothelium is a stratified epithelium that
demonstrates similarities with stratified squamous
epithelium including overlapping immunohisto-
chemical profiles. For example, high molecular
weight keratins, such as CK5/6 and 34BE12, and
p63 are frequently expressed in carcinomas of
urothelial and squamous origin. Urothelial carci-
noma is one of the few tumors that frequently
co-express the cytokeratins CK7 and CK20,
which can be helpful in excluding squamous cell
carcinoma as well as carcinomas from other sites.
GATA3 is a nuclear transcription factor expres-
sed in 70–90 % of urothelial carcinomas. How-
ever, it is far from specific and should be
interpreted in the context of a specific differential
diagnosis. Non-urothelial tumors that are positive
for GATA3 include squamous cell carcinoma of
various sites (with percentage of cases positive
varying by site), ductal and lobular breast carci-
noma, pancreatic adenocarcinoma, paragan-
glioma, yolk sac tumor, and trophoblastic tumors.
Of note, GATA3 is not expressed in prostate
cancer; thus, GATA3 is often used to aid in the

534 E.L. Kehr and J.A. Barletta



differentiation of a poorly differentiated urothelial
carcinoma and a poorly differentiated prostatic
adenocarcinoma. Uroplakin III, a transmembrane
protein expressed by urothelial lining cells is a
more specific marker, but has a low sensitivity
and tends to be expressed in lower grade tumors,
which often do not require immunohistochem-
istry. When uroplakin III is positive, it should be
membranous and plaque-like. Thrombomodulin
is also expressed in 49–91 % of urothelial tumors
but has a low specificity and is expressed in many
other tumor types [34].

Immunohistochemistry may also be utilized to
differentiate CIS from benign, reactive urothelium
(see above discussion on CIS). Benign urothelium

has the following pattern of antibody expression:
CK20 positivity is limited to the umbrella cell
layer; CD44 is limited to basal layers and p53
staining is weak and patchy. In contrast, CIS is
characterized by aberrant expression of CK20
throughout all cell layers, CD44 is absent, and p53
is strong and diffusely positive in the neoplastic
cells. Photomicrographs of CIS and p53
immunohistochemical staining are demonstrated
in Fig. 28.9. Classically, urothelium with reactive
atypia has CK20 expression limited to the
umbrella cells, whereas CD44 expression is
increased in all cell layers. P53 remains weak and
patchy in reactive conditions [34]. While some
cases show a definitive profile for benign/reactive

Fig. 28.8 Malignant melanoma metastatic to the bladder
mimicking a high grade papillary urothelial carcinoma. aAt
lowpower the tumor appears to have a papillary architecture.

b At higher power the characteristic cherry-red nucleoli of
melanoma are present. This case required immunohisto-
chemical stains to confirm the diagnosis

Fig. 28.9 Carcinoma in situ (CIS) with a p53 immunohistochemical stain. a H&E photomicrograph of CIS. b p53
immunohistochemical stain of the same area of CIS demonstrating diffuse, strong positivity
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or CIS, the staining pattern can be difficult to
interpret, and thus the results of immunohisto-
chemical staining must always be considered in
conjunction with the histologic impression.
Finally, at the present time, there is no immuno-
histochemical marker used in routine clinical
practice to prognosticate or select therapy for
typical urothelial carcinomas [34].

28.10 Molecular Genetics
of Bladder Cancer

The molecular underpinnings of urothelial blad-
der cancer is proving to be a complex interplay of
multiple genetic changes with different pathways
involved in different subtypes of urothelial
carcinoma.

28.10.1 Familial and Genetic Risk

Unlike other malignancies such as breast and
colon, there are no highly penetrant single gene
mutations that lead to a familial cancer syndrome
of bladder cancer [35]. Instead, studies point
towards mild increased risk in probands with
family members with bladder cancer. Specifi-
cally, twin studies show that monozygotic twins
are three times as likely to have bladder cancer
compared to dizygotic twins, suggesting that
there is a component of genetic risk [36]. In
addition, population-based studies show odds
ratios between 1.3 and 1.45 for the development
of bladder cancer in first degree relatives of
bladder cancer patients, compared to people with
no family history of bladder cancer [37]. Overall,
urothelial carcinoma is a complex disease that
evolves in the context of multiple low-penetrant,
low-risk genetic changes.

Single nucleotide polymorphisms (SNPs) are
DNA sequence variations commonly occurring in
the population in which a single nucleotide differs
between members of a species or between

chromosome pairs of an individual. Genome wide
association studies (GWAS) scan the genome of a
population to find SNPs statistically associated
with specific diseases. Since 2009, several GWAS
studies have identified sequence variances that
confer susceptibility to urothelial carcinoma. The
studies varied in ethnicity of populations studied,
the numbers of cases and controls, and the SNP
loci studied. Multiple major susceptibility loci for
bladder cancer have been identified using this
method. For example, genetic variation in
8q24.21, a non-genic location 30 KB upstream
from the gene that encodes c-MYC has been
reported [38]. Relative to non-carriers, heterozy-
gous and homozygous carriers of the risk allele
have an odd ratios of 1.22 and 1.49, respectively,
for the development of urothelial carcinoma.
c-MYC, a nuclear phosphoprotein involved in
transcriptional regulation, has been implicated in
many cancers, most notably Burkitt lymphoma.
SNPs proximal to c-MYC (on 8q24), have also
been associated with prostate cancer, colorectal
cancer and breast cancer. Clustering of indepen-
dent cancer-associated variants in this region
suggests a common mechanism of susceptibility.
A second described SNP for urothlial carcinoma
resides at 3q28.Kiemeney and colleagues reported
that the SNP on chromosome 3q28 is associated
with an odds ratio of 1.19 for the development of
urothelial carcinoma [38]. This locus is near TP63,
a gene that encodes the p63 protein which is a cell
cycle regulator. A third sequence variant that
confers susceptibility to bladder cancer with an
odds ratio of 1.15 is located at 8q24.311, an allele
within exon 1 of PSCA gene. PSCA, a protein
initially described in prostate cancer, is also
overexpressed in bladder cancer [39]. Additional
SNPs have been described in loci involving
the TACC3-FGFR3 gene (chromosome 4p16.3);
TERT-CLPTM1L (chromosome 5p15.33);
cyclin E1 (chromosome 19q12); UDP-
glucuronosyltransferase 1A gene (chromosome
2q37.1) and APOBEC3A chromosome 22q13.1
[38–41].
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28.10.2 Molecular Genetics
of Non-muscle Invasive
Bladder Cancer

There are marked molecular differences between
NMIBC and MIBC. Primary molecular alter-
ations in NMIBC lead to constitutive activation
of the MAP kinase and the PIK3 pathways by
way of mutations in fibroblast growth factor
receptor (FGFR), PIK3CA and HRAS [9].
Fibroblast growth factor receptors are a family of
4 tyrosine kinase receptors comprised of an
extracellular domain, transmembrane domain,
and a cytoplasmic domain. The most common
FGFR mutations in urothelial carcinoma are
missense mutations in FGFR3 that result in
amino acid substitutions that occur in the extra-
cellular and/or cytoplasmic domains and lead to
ligand independent activation. Also described are
mutations in the kinase domain leading to
enhanced kinase activity. FGFR, once activated,
acts as adaptor protein which initiates down-
stream activation of the MAP kinase pathway
[42]. FGFR3 mutations are associated with low
stage, low grade urothelial carcinomas. FGFR3 is
mutated in 80 % of NMIBC and in less than
20 % of MIBC, FGFR mutations have not been
described in CIS [7, 42, 43].

The phosphoinositide 3-kinases (PI3Ks) are
key effector lipids that respond to cell stimulation
by initiating cell growth, cell cycle entry, cell
migration and cell survival. The PI3K family is
composed of three members that differ in terms
of substrate specificity, activation mechanisms,
and expression patterns. Class 1A PI3K has been
shown to be directly involved in carcinogenesis.
The catalytic subunit of 1A PI3K is encoded by
the gene PIK3CA, which has been found to be
mutated in multiple tumor types including
NMIBC [44]. PI3K, once activated, interacts
with downstream enzymes that ultimately phos-
phorylate AKT. Phosporylated AKT targets a
host of enzymes that affect cell growth, cell cycle
entry and cell survival [45]. The prevalence of
PIK3CA mutations decreases with increasing
stage and grade [44]. PIK3CA mutations occur in
20 % of NMIBC and have a very low prevalence

in MIBC [44]. They tend to occur in a subset of
NMIBCs harboring FGFR3 mutations.

An activating HRAS mutation is the third
genetic alteration frequently seen in NMIBC, and
was the first human oncogene identified in
urothelial carcinoma [9, 46]. The RAS super-
family of G proteins includes more than 100
members in humans, three of which (KRAS,
NRAS, and HRAS) are commonly mutated in
human cancers. All RAS proteins cycle between
a GTP-bound active state and a GDP-bound
inactive state. In the active state RAS binds and
further stimulates effector proteins including
MAP kinases. The most common HRAS muta-
tions involve codons 12, 13, and 61 [7]. Trans-
genic mouse models with activated HRAS
induce early onset urothelial proliferation leading
to urothelial hyperplasia and low grade nonin-
vasive papillary tumors [7]. Long term follow-up
data indicate that the tumors remain low grade
and do not invade. HRAS mutations occur in an
estimated 10 % of bladder cancers [7, 46].
FGFR3 mutations and HRAS mutations are
mutually exclusive, likely because they both
signal through a common downstream pathway
[9, 42]. While the changes described here are
associated with NMIBC, approximately 15 % of
NMIBC will progress to muscle invasive cancer.
This progression is associated with the accumu-
lation of abnormalities in cell cycle regulation,
specifically the acquisition of mutations in TP53
and RB genes [9].

28.10.3 Molecular Genetics of Muscle
Invasive Bladder
Cancer

The molecular changes of MIBC include alter-
ations in tumor suppressor genes involved in cell
cycle control, such as TP53, RB, and PTEN [9,
47]. The tumor suppressor gene TP53 is located
on chromosome 17p and encodes the protein
p53. P53 inhibits cell cycle progression at the
G1-S transition, partially mediated through tran-
scriptional activation of p21. Most MIBCs
exhibit loss of a single 17p allele with
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inactivation of the second gene [8]. A mouse
model used the uroplakin promoter to drive
expression of the SV40 large T antigen which
leads to inactivation of p53 and RB [48]. Com-
plete loss of p53 was associated with CIS. Pro-
gression to muscle invasion, however, required
additional events such as loss of Rb or PTEN
activity [49]. Many studies have shown that p53
pathway abnormalities contribute to poor clinical
outcomes in bladder cancer [47].

The retinoblastoma gene (RB) is located on
chromosome 13q14 and encodes the Rb protein,
which regulates the G1-S transition via seques-
tration of the transcription factor E2F [8]. P53
and Rb both regulate the G1-S transition; how-
ever, they work through independent but inter-
connected pathways [50]. A 1998 study by Cote
et al. showed increased recurrence and decreased
survival rates in bladder cancer patients with
abnormalities in RB. Furthermore, mutations in
both RB and TP53 led to negative effects on
recurrence and survival when compared to
mutation of either one alone. TP53 and RB
mutations seem to be early events in bladder
cancer and set the stage for an accumulation of
additional molecular abnormalities in MIBC.

Activation of the PTEN/PI3/AKT/mTOR
pathway is another candidate driver of the mus-
cle invasive phenotype [47]. Specifically, a
mouse model with elimination of p53 and PTEN
activity developed early CIS that uniformly
progressed to muscle invasive tumors [47, 51].
Of note, a different group studied a mouse model
with PTEN loss in a wild type p53 background
without development of bladder cancer. This
suggests that p53 loss may be an obligate
cofactor for PTEN mutation dependent bladder
cancer [47, 52].

28.10.4 Chromosomal Alterations

Chromosomal alterations are common in urothe-
lial carcinomas and are characterized by aneu-
ploidy, deletions, and amplifications that affect
nearly all chromosomes [7, 53]. An early event in
urothelial carcinogenesis appears to be loss of
heterogeneity (LOH) of chromosome 9.

Chromosome 9 deletions are found in normal
appearing urothelium adjacent to tumor. More-
over, 9q abnormalities are more prevalent in low
grade noninvasive papillary tumors; however,
they are also found in MIBC and do not predict
behavior. Finally, chromosome 9 deletions are
seen both as the sole abnormality and concomi-
tantly with complex changes in more aggressive
tumors. These observations indicate that chro-
mosome 9 abnormalities are an early and impor-
tant change [53]. It is postulated that key tumor
suppressors on chromosome 9 are lost and set the
stage for future genetic changes. Several tumor
suppressor genes are located on chromosome 9,
including the tuberous sclerosis 1 complex
(TSC1) at 9q34 [54]. TSC1 is well validated as a
complex that negatively regulates the mTOR
branch of the PI3K pathway. Other tumor sup-
pressors on chromosome 9 include
cyclin-dependent kinase inhibitor 2A
(CDKN2A), cyclin-dependent kinase inhibitor
2B (CDKN2B), patched1 (PTCH1), and deleted
in bladder cancer 1 (DBC1). Of note, no chro-
mosome 9 genes show significant mutation fre-
quency in exome sequencing studies [54]. It may
be that epigenetic changes link chromosome 9
LOH and urothelial carcinoma. Loss of chromo-
some 8p is also described in 25–30 % of
urothelial carcinomas and is primarily associated
with high grade and late stage tumors. Finally,
LOH of 15q occurs in 40 % of urothelial carci-
nomas and is another area of interest [7].

28.10.5 Epigenetic Regulation

Histone regulation, an epigenetic process that
impacts chromatin remodeling, is commonly
altered in bladder cancer. A 2011 study using
whole exome genomic DNA sequencing found
that tumors from 60 % of subjects with urothelial
carcinoma harbored non-silent mutations in
chromatin remodeling genes. Specifically, they
found mutations in the following genes: UTX,
a histone demethylase gene; CREBBP and
EP300, two histone acetyltransferase genes; and
the chromatin remodeling gene ARID1A [55].
The comprehensive molecular evaluation of
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urothelial bladder cancer confirmed that UTX,
EP300, and ARID1A are significantly mutated in
MIBC [56]. In addition, a novel mutation in
MLL2, a gene encoding histone H3 lysine 4
(H3K4) methyltransferase was identified [56].
Overall, this study showed that 75 % of MIBC
harbored an inactivating mutation in one or more
chromatin regulatory genes. Further integrated
network analysis revealed that mutations in
genes known to influence epigenetic regulation
affected the activity levels of transcription factors
implicated in carcinogenesis. Currently, there are
drugs in development that target chromatin
modifications, thereby opening new possibilities
for the treatment of bladder cancer [56].

28.10.6 Gene Expression Profiling

Molecular subtypes of urothelial carcinoma have
been described using cluster analysis of gene
expression. The cancer genome atlas research
network comprehensively evaluated 131
chemotherapy-naive MIBCs. Using cluster anal-
ysis of RNA-sequencing data, they identified 4
distinct groups. Noteworthy patterns included
tumors with a papillary morphology and frequent
FGFR3 mutations (cluster 1) and tumors with
high expression of estrogen receptor (ER) beta
and HER2 (ERBB2) levels (clusters I and II). In
addition, a third cluster showed basal/squamous-
like morphology and immunohistochemistry,
similar to that seen in basal-like breast cancers
and basaloid squamous cancers of the head and
neck [55]. A different group also published an
mRNA cluster analysis of 73 cases of MIBC
[57]. Modeled after molecular subtypes in breast
cancer, this study described three groups
including luminal, basal and p53-like subtypes.
The luminal group was immunohistochemically
characterized by CK20 positive cells and CK5/6
and CD44 negativity. The luminal molecular
changes included FGFR3, ER and peroxisome
proliferator activator receptor (PPAR) expression
and clinically showed a poor response to
chemotherapy. The basal subtype was enriched
in sarcomatoid and squamous histology, CK5/6,
and CD44 expression and was negative for

CK20. Molecular features of the basal subtype
included abnormalities in p63, MYC, STAT-3,
NFK-beta, and EGFR pathways. This basal
subtype was shown to present at a later clinical
stage compared to luminal subtypes and
demonstrated a good response to chemotherapy.
The third group, called “p53-like” had a gene
expression signature that predicted chemotherapy
resistance, however, all groups had a similar
proportion of TP53 mutations, suggesting that
the p53-like gene expression signature did not
correlate with TP53 mutation status [57].
Molecular subtyping has the potential to predict
response to chemotherapy and identify candi-
dates for targeted therapies.

28.11 Summary

In summary, we have set out to describe the
histopathology together with the molecular
alterations of bladder urothelial carcinoma.
Hopefully, in the years to come, our under-
standing of the molecular basis of urothelial
carcinoma will further expand treatment options
for patients with bladder cancer.
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29Epidemiology of Hematologic
Malignancies

Julie L. Batista, Brenda M. Birmann
and Mara Meyer Epstein

29.1 Introduction

Hematologic neoplasms comprise a broad cate-
gory of malignancies originating from cells of the
bone marrow and lymphatic system. Given the
breadth of hematologic malignancy subtypes, it
is not possible to adequately cover all myeloid
and lymphoid malignancies within the scope of
this chapter, and therefore we have chosen to
focus specifically on three major subdivisions of
lymphoid malignancies that are grouped accord-
ing to biological and epidemiologic commonali-
ties: Hodgkin lymphoma (HL), non-Hodgkin
lymphoma (NHL), and multiple myeloma (MM).
HL is distinct from NHL due to its different
biological behavior, spread and response to
treatment, as will be described below. MM, the
most common type of plasma cell neoplasm, can
be considered a histologic subtype of B-cell
NHL, however, the distinct clinical presentation
and descriptive epidemiology of the disease also
warrant separate discussion. Since these sub-
groups of hematologic cancer still comprise a

large spectrum of diseases and disorders, each
with a distinct morphologic and molecular phe-
notype, we have described in detail only a
selection of the malignancies that fall within
these categories. For more detailed description of
the epidemiology of myeloid cancers, the reader
should refer to several recent publications [1–7].

After decades of inconsistency in the
approach to classifying hematologic tumors,
in 2001 the World Health Organization (WHO)
published a novel, modern consensus approach
developed by expert hematopathologists [8]. The
consensus classification scheme, now considered
the gold standard, considers not only cell mor-
phology but also immunophenotype, clinical
presentation and epidemiology, and thus incor-
porates insights from emerging molecular tech-
nological study of those tumors. Diagnoses are
typically coded according to the International
Classification of Diseases-Oncology, Third Edi-
tion (ICD-O-3), which is also issued by the
WHO and periodically revised to accommodate
updates to the tumor classification scheme as
new tumor entities come to attention (http://
codes.iarc.fr/abouticdo.php) [9, 10]. Although
the WHO classification applies to all lymphoid
and myeloid tumors, it has been particularly
valuable for clarifying and unifying the classifi-
cation of the diverse tumors categorized as NHL.
A hierarchical nested classification of lymphoid
neoplasms was published in 2007 and updated
in 2010 by the International Lymphoma Epi-
demiology (InterLymph) Consortium Pathol-
ogy Working Group specifically to facilitate
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uniformity in the investigation of lymphoma
subtypes in epidemiologic research [11, 12].

29.2 Description and Clinical
Presentation
of Hematologic
Malignancies

29.2.1 Disease Description
and Subtypes

29.2.1.1 Hodgkin Lymphoma
HL is an uncommon B-cell malignancy that is
classified into two main types: classical HL,
accounting for the vast majority of HL cases
diagnosed in Western countries, and nodular
lymphocyte-predominant HL (NLPHL) account-
ing for approximately 5 % of cases [13, 14].
Classical HL is characterized by the presence of
large, often multinucleated Hodgkin “Reed-
Sternberg” (RS) cells surrounded by reactive
infiltrating cells, especially T-cells [15–17].
Classical HL can be further divided into 4 histo-
logical subtypes: nodular sclerosis HL (the most
common, approximately 60 % of cases), mixed
cellularity HL (approximately 30 % of cases),
lymphocyte-rich HL, and lymphocyte-depleted
HL [18]. In contrast, NLPHL tumors are charac-
terized by lymphocyte-predominant cells, also
known as popcorn cells, in the absence of RS
cells. Of note, the RS cells, which are now known
to be abnormal germinal center B-lymphocytes,
typically comprise only 1–2 % of HL tumor tis-
sue [19]. The comparative abundance of reactive
immune cells in the tumor microenvironment
suggests a role for host immune deregulation/
chronic inflammation in the pathogenesis of these
tumors and implies that immune-modulating
exposures are likely to influence risk.

29.2.1.2 Non-Hodgkin Lymphoma
The term NHL collectively refers to more than
60 discrete histologic subtypes with heteroge-
neous biologic, clinical, etiologic, and epidemi-
ologic features. NHL usually presents in the
lymph nodes or other components of the lym-
phatic system; a minority of subtypes can present

outside the lymphatic system, i.e. “extranodally,”
including on the skin, and in the central nervous
system. The various NHL subtypes are charac-
terized by the overproduction of different types
of lymphocytes at varying stages of maturation,
including B-cells, T-cells, and natural killer cells.
The most common subtypes of NHL are those
that originate in B-cells (90 % of all NHL),
including the aggressive diffuse large B-cell
lymphoma (DLBCL) and the more indolent fol-
licular lymphoma (FL), which make up about 30
and 20 % of all NHL diagnoses in the United
States (U.S.), respectively [20]. Other histologic
types of B-cell NHL, such as marginal zone,
mantle cell, Burkitt, Burkitt-like, Waldenström
macroglobulinemia (WM) or lymphoplasmacytic
lymphoma (LPL), comprise a comparatively
small proportion of cases in the U.S. [21, 22].
Even less common in the U.S. are most histo-
logic types of T-cell NHL, such as cutaneous
T-cell lymphoma, hairy cell leukemia, mycosis
fungoides, or adult T-cell leukemia/lymphoma
(ATL), although some of those tumors comprise
a larger proportion of NHLs in other populations
[22–25].

29.2.1.3 Multiple Myeloma
MM is a plasma cell neoplasm characterized by
the monoclonal proliferation of plasma cells,
which are mature B-cells that originate in the
bone marrow and secrete antibodies in response
to exposure to foreign antigens. Although in the
literature MM has been considered a histologic
subtype of B-cell NHL, MM has a distinct clin-
ical presentation and descriptive epidemiology.
MM arises from the expansion of a plasma
cell clone secreting a single monoclonal
immunoglobulin, called M-protein [26]. More
than half of MMs are characterized by malignant
cells producing IgG, while about 20 % of
myelomas produce IgA [27]. However, up to
3 % of cases exhibit no detectable M-protein;
these cases are known as non-secretory mye-
loma, and follow a similar clinical trajec-
tory to that of secretory cases. MM is believed
to be preceded by a condition known as mono-
clonal gammopathy of unknown significance
(MGUS), which is identified by detection of

544 J.L. Batista et al.



lower M-protein and plasma cell concentrations
in the absence of end-organ damage. MGUS can
persist undetected for many years and may never
come to clinical attention in a large proportion of
patients [28]. In 70 % of cases, patients with MM
will present with multiple lytic lesions or frac-
tures of the bone [26]; if only one lesion is
detected, in the absence of other symptoms and
clinical features, the disease is known as solitary
plasmacytoma of bone.

29.2.2 Symptoms

29.2.2.1 Hodgkin Lymphoma
Enlargement of one or more lymph nodes, usu-
ally painless and most often in the neck, armpit,
or groin, is the most common symptom of HL.
Non-specific (“B”) symptoms of potential prog-
nostic importance include persistent fever,
drenching night sweats, and unexplained weight
loss. However, systemic symptoms are present in
only approximately one third of patients at
diagnosis. Other non-specific symptoms are
fatigue and rarely, severe itching and lymph node
pain after consuming alcohol [13].

29.2.2.2 Non-Hodgkin Lymphoma
The most common symptom of NHL is one or
more persistent, painless, and swollen lymph
nodes often appearing on the neck, armpit, or
groin. Other, more non-specific symptoms
include night sweats, unexplained weight loss,
abdominal pain or swelling, fatigue, fever, or
shortness of breath. NHL cells in bone marrow
may lead to altered blood cell and/or platelet
counts. Some NHL subtypes are largely asymp-
tomatic; for example, chronic lymphocytic leu-
kemia (CLL) is often diagnosed following
repeated observations of elevated white blood
cell counts in the absence of other symptoms,
with confirmation primarily by flow cytometry to
detect a clone of B-cells expressing the indicative
markers [29].

29.2.2.3 Multiple Myeloma
Patients generally experience non-specific
symptoms prior to MM diagnosis. These vary

somewhat by stage of disease but often include
some combination of weakness, bone pain or
fracture, anemia, recurrent infection, unexplained
weight loss, and symptoms of renal failure.
These non-specific symptoms correspond to the
spectrum of clinical signs that inform the formal
diagnosis of MM as described below.

29.2.3 Diagnosis

29.2.3.1 Hodgkin Lymphoma
The diagnosis of HL begins with a medical exam
and blood test to detect infection or other more
common reasons for enlarged lymph nodes or
fever. On ruling out those alternative explana-
tions, a definitive diagnosis is achieved through
biopsy of the affected lymph node and
histopathologic confirmation of the presence of
RS cells.

29.2.3.2 Non-Hodgkin Lymphoma
NHL can be definitively diagnosed through a
biopsy of the presenting swollen lymph nodes.
Blood tests and flow cytometry, bone marrow
biopsy, tumor genetic testing and imaging tests,
including X-ray, computerized tomography (CT),
magnetic resonance imaging (MRI) or positron
emission tomography (PET), may also be
administered to aid in diagnosis and determine
the extent of disease. Through examination of
biopsy specimens and the supporting clinical and
laboratory data, a hematopathologist can deter-
mine the cell-type of origin (B-cell, T-cell, NK
cell) and histologic subtype, which is crucial to
guide treatment decisions.

Recent advances in molecular technology
have identified molecular subtypes of DLBCL
that correspond to differing cell of origin (ger-
minal center B-cell versus post-germinal center
B-cell) and to differing tumor aggressiveness and
clinical prognosis [30–34]. Similarly, molecular
features of typically indolent lymphomas such as
CLL can help to identify more aggressive forms
[35, 36]. Such molecular diagnostics seem likely
to further elucidate tumor classification, patho-
genesis and clinical prognosis and guide treat-
ment decisions.
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29.2.3.3 Multiple Myeloma
Diagnostic criteria for MM have been established
by the International Myeloma Working Group
(IMWG) [37–39]. Traditionally, MM has been
diagnosed by the presence of serum monoclonal
protein ≥30 g/L, a bone marrow biopsy show-
ing ≥10 % clonal bone marrow plasma cells, and
evidence of end-organ damage including hyper-
calcemia, renal insufficiency, anemia, and lytic
bone lesions (“CRAB” features) [37–40]. An
updated version of the IMWG criteria in 2014
removed the monoclonal protein requirement, as
3 % of MM cases have non-secretory disease
without a measurable M-protein on serum or
urine immunofixation [38, 39]. The new guideli-
nes also require one of the following biomarkers
of malignancy in the absence of CRAB features:
clonal bone marrow plasma cell percentage
≥60 %, serum free light chain ratio ≥100, or
more than one focal lesion on an MRI study. MM
cases are staged using a modification of the
Durie-Salmon staging system called the Interna-
tional Staging System (ISS), which incorporates
serum B2-microglobulin and albumin levels and
was recently updated to also include chromoso-
mal abnormalities and lactate dehydrogenase
levels [41].

As noted earlier, MM is preceded in nearly all
cases by a premalignant condition known as
MGUS, which is marked by serum M-protein
levels <30 g/1 and <10 % clonal bone marrow
plasma cells in the absence of end-organ damage.
MGUS may be present in at least 3 % of all
adults in the U.S. older than 50 years [42, 43],
with variability by race [44–47] and higher
incidence among older adults and those with a
family history; however, the condition is mostly
diagnosed incidentally. Individuals with MGUS
progress to myeloma at an estimated rate of 1 %
per year [48, 49].

Smoldering, or asymptomatic, MM is an
intermediate premalignant condition marked by
rising serum M-protein levels ≥30 g/1, and/or
≥10 % clonal bone marrow plasma cells in the
absence of end-organ damage [39]. Patients with
smoldering MM have an estimated 10 % annual
risk of progression to MM, and a median time to

progression of 4.8 years [50]. Although smol-
dering MM is generally not treated, results from
a recent randomized trial suggest early therapy
may improve overall survival for patients with
smoldering MM [51].

Solitary plasmacytoma, a variant of plasma cell
myeloma, is characterized by the presence of a
single plasma cell tumor on the interior surface of
the bone. In contrast toMM,malignant plasma cells
are often not disseminated throughout the bone
marrow, and patients do not experience abnormal
blood test results or CRAB features. Plasmacy-
tomas are diagnosed through biopsy, with more
extensive skeletal imaging tests showing no other
bone or tissue lesions [9]. Patientsmay present with
bone pain or fracture. Plasmacytomas comprise
approximately 3–5 % of all plasma cell malignan-
cies, and patients have a 10 % risk of progression to
MM within 3 years [39].

Plasma cell leukemia (PCL) is another variant
of plasma cell malignancy, accounting for less
than 5 % of myeloma cases [26]. A PCL diag-
nosis is characterized by >2×109 clonal plasma
cells in the peripheral blood, or >20 % circulat-
ing plasma cells [52, 53]. Although rare, PCL
tends to be aggressive, and patients generally
have a poor prognosis in comparison to other
plasma cell disorders, with less than 10 % of
patients surviving 5 years following diagnosis
[54]. PCL presents as two distinct clinical and
biological conditions: primary PCL (60 % of
cases), or secondary PCL, which develops in
patients previously diagnosed with MM (40 % of
cases) [52, 54, 55].

29.3 Descriptive Epidemiology
of Hematologic
Malignancies

29.3.1 Incidence (Age, Sex,
Race/Ethnicity)

29.3.1.1 Hodgkin Lymphoma
Hodgkin lymphoma is a relatively rare cancer with
an estimated 9050 new diagnoses in the U.S. in
2015 (Fig. 29.1) [56]. The age-adjusted incidence
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rate in the U.S. from 2007–2011 was 2.7 per
100,000 overall, with a slightly higher incidence
among men (3.1 per 100,000) compared to women
(2.4 per 100,000) [57]. Incidence rates vary by
race/ethnicity, with a higher incidence observed
among non-Hispanic Caucasians (3.2 per 100,000)
compared to African Americans (2.7 per 100,000),
Asian/Pacific Islanders (1.3 per 100,000) and His-
panics (2.4 per 100,000).

Worldwide, approximately 66,000 new diag-
noses of HL are made each year, with an overall
age-adjusted incidence rate of 0.9 per 100,000
[58]. Incidence is higher among more developed
(2.1 per 100,000) versus less developed (0.6 per
100,000) regions, with the highest rates in Eur-
ope and the Americas, and the lowest rates in
Africa, Asia and the Pacific (Fig. 29.2).

HL incidence by age displays a characteristic
bimodal shape, with two peak incidence rates at
young and older adulthood. In the U.S., HL is the
eighth most commonly diagnosed cancer among
children ages 0–14 years, and is the leading
diagnosis among adolescents ages 15–19 [59].
According to Surveillance, Epidemiology, and
End Results (SEER) estimates from 2007–2011,

age specific incidence rates peak at 4.5 per
100,000 for age 20–24 years, fall to 2.4 per
100,000 for age 45–54 years, and increase again
to 4.5–4.7 per 100,000 for age 70–84 years [60].

29.3.1.2 Non-Hodgkin Lymphoma
Overall, NHL is the sixth most commonly diag-
nosed cancer in the U.S. among both men and
women. There were an estimated 71,850 new
cases of NHL in the U.S. in 2015, accounting for
more than 4 % of all cancer diagnoses
(Fig. 29.3) [56, 60]. CLL is a leukemic condition
that shares major pathological features with small
lymphocytic lymphoma (SLL) and is classified
with B-cell NHL. CLL accounted for an addi-
tional 14,620 NHL diagnoses in the U.S. in 2015
[60]. In addition, acute lymphoblastic leukemia
(ALL) is a precursor lymphoid neoplasm of
either pre-B (85 % of cases) or pre-T-cells (15 %
of cases). In contrast to most other NHL sub-
types, 75 % of ALL cases occur in children less
than six years old, with more than 6,000 new
cases diagnosed in the U.S. annually [26, 60].
The incidence rate for NHL is 19.7 per 100,000
men and women; however incidence rates for the
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Fig. 29.1 Age-Specific Incidence of Hodgkin Lymphoma in the United States (SEER areas) by Sex and Race, 2007–
2012. Source Howlader et al. [60] Rates for black males and black females aged 75 and older were not calculated due to
small case numbers in those intervals
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Fig. 29.2 Age-Standardized Incidence Rates for Hodgkin Lymphoma by Country for Men and Women Combined,
2012. Source World Health Organization, International Agency for Cancer Research, GLOBOCAN 2012

Fig. 29.3 Age-Specific Incidence of Non-Hodgkin Lymphoma in the United States (SEER areas) by Sex and Race,
2007–2012. Source Howlader et al. [60]
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various subtypes of NHL differ dramatically.
Incidence rates of NHL in the U.S. and many
other countries rose steadily during the second
half of the twentieth century; the rate increases
seem to have slowed overall in recent years, but
the rising trend continues for the two most
common subtypes, DLBCL and FL [61, 62].

Worldwide, 385,741 cases of NHL were
reported by IARC in 2012, with an age-
standardized incidence rate of 5.0 per 100,000
people [58]. The more developed regions of the
world experience a NHL incidence rate more
than twice that of less developed regions, with
the highest rates in the U.S., Western Europe,
and Australia, and the lowest rates in Asia and
Africa. However, the incidence of different NHL
subtypes varies by geographic region; for
example, DLBCL and FL are more common in
North America and Europe than in Asia, whereas
T-cell lymphomas are more common in Asia
than in Western countries (Fig. 29.4) [61].

29.3.1.3 Multiple Myeloma
An estimated 26,850 men and women in the U.S.
were diagnosed with MM in 2015, accounting
for more than 1.5 % of new cancer diagnoses,
and more than 15 % of hematologic cancer
diagnoses (Fig. 29.5) [60]. Based on data from
the U.S. SEER Registry from 2008 to 2012, the
overall incidence rate for MM is 6.3 cases per
100,000 men and women; however, men exhibit
higher incidence rates than women (7.9 vs. 5.1
cases per 100,000), and African Americans have
higher incidence rates (15.1 per 100,000 men and
11.2 per 100,000 women) compared to whites
(7.5 per 100,000 men and 4.5 per 100,000
women) [60]. Studies suggest that people
of African or African American descent also
have twice the prevalence of precursor MGUS
compared to white and Hispanic populations
[46, 63, 64].

Most cases of MM are diagnosed in adults age
65–74 years, with a median age at diagnosis of

Fig. 29.4 Age-Standardized Incidence Rates for Non-Hodgkin Lymphoma by Country for Men and Women
Combined, 2012. Source World Health Organization, International Agency for Cancer Research, GLOBOCAN 2012
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Fig. 29.5 Age-Specific Incidence of Multiple Myeloma in the United States (SEER areas) by Sex and Race, 2007–
2012. Source Howlader et al. [60]

Fig. 29.6 Age-Standardized Incidence Rates for Multiple Myeloma by Country for Men and Women Combined,
2012. Source World Health Organization, International Agency for Cancer Research, GLOBOCAN 2012
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69 years [60]. Only about 3 % of cases are diag-
nosed in people younger than 40 years old
[65, 66]. Older age at diagnosis is associated with
poorer survival, as well as more advanced stage at
diagnosis [67]. Conversely, younger patients often
present at an earlier stage, and have less frequent
adverse prognostic factors, such as low hemoglo-
bin and high C-reactive protein [66]. As the pop-
ulation ages, more adults are expected to be
diagnosed with MM, and the elderly will likely
comprise a larger proportion of patients [68, 69].

29.3.2 Mortality

29.3.2.1 Hodgkin Lymphoma
An estimated 1150 HL deaths occurred in the U.S.
in 2015, with death rates steadily declining over
the past four decades [56]. The 5-year relative
survival rate for patients diagnosed between 2004
and 2010 was 85 %, with a 94 % survival for
patients diagnosed at less than 45 years of age
versus 53 % for patients diagnosed at 65 years of
age or older [57]. Five-year survival rates were
generally similar betweenmen (84 %) andwomen
(86 %), and between Caucasian (86 %) and
African American (82 %) patients. Worldwide,
approximately 25,500 people die annually due to
HL [58]. Age-standardized mortality rates are
similar in more developed and less developed
regions of the world (0.3 per 100,000).

Among long-term survivors of HL, second
primary malignancies, largely due to complica-
tions of primary HL therapy, are a major cause of
morbidity and mortality [70]. Among the highest
relative risks are second hematologic malignan-
cies, particularly leukemia and NHL [71, 72]. HL
survivors also have an excess risk of certain solid
cancers compared to the general population,
including breast and colorectal cancers [73].

29.3.2.2 Non-Hodgkin Lymphoma
NHL is the ninth most common cause of cancer
death in men, and the eighth most common cause
of cancer death in women in the U.S., with
approximately 20,000 deaths expected in 2015,
accounting for 3–4 % of all cancer deaths
[56, 60].

About 200,000 people worldwide die from
NHL annually, with an age-standardized mor-
tality rate of 2.5 per 100,000 men and women.
Overall, mortality rates are somewhat more uni-
form between countries, in contrast to incidence
rates, although slightly higher mortality rates are
observed in the Middle East and Africa, and
lower mortality rates are observed in Asia and
Europe [58]. For all NHL subtypes combined,
70 % of people will survive at least 5 years fol-
lowing diagnosis [60]. However, as observed for
incidence rates, mortality rates vary considerably
across histologic types and tumor molecular
subtypes [22].

29.3.2.3 Multiple Myeloma
Approximately 11,000 deaths due to MM occur
in the U.S. annually, accounting for more than
2 % of cancer deaths, with a median age at death
from MM of 75 years [60]. Following decades of
unchanged survival rates, the development of
new MM treatments in the early 2000s, including
immunomodulatory drugs and protease inhibi-
tors, has led to marked increases in survival
among MM patients of all age groups [74–77].
Between 1995 and 2001, 5-year relative survival
rates for MM were only 32 %, with slightly
higher rates for men [60]. According to more
recent analyses from the U.S. SEER Registry,
47 % (2005–2011) to 53 % (2008–2010) of
patients diagnosed with MM now survive at least
5 years, an increase of more than 14 % over a
ten-year period, although disparities between
ethnic groups persist [60, 78, 79]. A study of
1038 patients from the Mayo Clinic observed
improved survival for patients diagnosed
between 2006 and 2010 compared to those
diagnosed just a few years earlier (2001–2005),
with the largest improvements among patients
aged older than 65 years [80].

Worldwide, over 114,250 incident cases of
MM were diagnosed in 2012, and over 80,000
people died from the disease, accounting for less
than 1 % of all new cancer cases and cancer
deaths (Fig. 29.6). The highest incidence and
mortality rates occur in more developed countries
compared to less developed countries [58].
The U.S. and Europe have similar MM incidence
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(3.6 and 2.6 per 100,000, respectively) and
mortality (1.9 and 1.4 per 100,000) rates, more
than twice the rates observed in Africa and Asia
[58]. Some of the geographical differences in
incidence and mortality rates may be due to
detection bias, resulting from the challenges of
diagnosing MM in low resource settings [81].

29.4 Risk Factors for Hematologic
Malignancies

29.4.1 Risk Factors for Hodgkin
Lymphoma

29.4.1.1 Introduction
The most consistent risk factors for HL are
family history of HL and delayed exposure to the
Epstein-Barr virus (EBV). More modest associ-
ations with increased risk of HL have been
reported for childhood social environment,
smoking, and higher BMI, whereas aspirin has
been associated with reduced risk of HL. Each of
these HL risk factors is hypothesized to act via
immune-mediating mechanisms, such as by
influencing the inflammatory milieu or by
delaying the maturation of the immune responses
that protect against the oncogenic effects of
infectious agents like EBV. The following sec-
tion will focus on risk factors for classical HL
since NLPHL has a different pathogenesis and
natural history [14].

29.4.1.2 Family History and Genetic
Susceptibility

Risk of HL in monozygotic twins with one twin
affected is approximately 100-fold higher than
the general population [82]. A more modest
4-fold increased risk of HL is seen among
first-degree relatives of HL patients [83]. Fur-
thermore, risk of HL is higher among relatives
with an affected sibling compared to an affected
parent [84]. Family history may increase risk of
HL through shared childhood exposures, such as
EBV infection, common inherited genetic sus-
ceptibility, or a combination of these factors.

Evidence from family as well as population-
based studies has indicated a consistent association

between human leukocyte antigen (HLA) type and
HL risk [85]. Genome-wide association studies
(GWAS) have replicated an association between
genetic variation inHLA-related genes andHLrisk,
while also identifying a limited number of novel
susceptibility loci [86–88].

29.4.1.3 Infections
As noted above, exposure (and timing of expo-
sure) to common childhood infections may
influence risk of HL [89–94]. Hypotheses focus
in particular on EBV infection, a ubiquitous
herpesvirus and well-studied infectious risk factor
for HL. Delayed first exposure to EBV can lead to
infectious mononucleosis, which is characterized
by EBV antibody profiles that indicate poor host
immune control of EBV, similar to persons with
severe or chronic EBV [95, 96]. It is plausible that
such persons have diminished immune protection
against the known oncogenic effects of EBV
[97, 98]. Several cohort studies performed in the
1970s indicated a consistent 3-fold increased risk
of HL in young adults with serologically con-
firmed infectious mononucleosis [99]. Subse-
quent studies have also shown an association
between history of infectious mononucleosis and
HL risk [100], as well as an approximately 3 to
4-fold higher risk for developing EBV-positive
HL [101, 102]. Of interest, one serologic study
suggested that chronic or more severe EBV is a
risk factor for HL risk independent of history of
infectious mononucleosis [97], confirming other
studies of EBV serology and HL risk [98]. Fur-
thermore, the EBV genome and expression of
EBV-encoded latent gene products have been
detected in approximately one third to more than
two thirds of HL tumors depending on histologic
subtype [103–108]. Whether EBV contributes to
the etiology or pathogenesis of EBV-negative HL
cases is unclear.

Human immunodeficiency virus (HIV)-infec-
ted individuals are at increased risk of develop-
ing HL as well as certain subtypes of NHL,
including DLBCL and Burkitt lymphoma [109,
110]. Numerous other viral infections have
been explored in relation to HL risk, though
no consistent associations have been reported
[111–113].

552 J.L. Batista et al.



29.4.1.4 Lifestyle Factors
Childhood environment. Many studies have
shown a link between HL risk and factors related
to childhood environment, which are hypothe-
sized to reflect the timing of exposure to common
infectious agents. The timing of such exposures
is believed to influence underlying immune
competency, especially with regard to the matu-
ration of the immune responses that protect
against the oncogenic effect of infections; those
immune responses are not well developed at birth
but are understood to be induced and matured
through exposure to common infections during
childhood [114, 115]. Several studies have linked
increased sibship size and later birth order, each
of which would increase the chances for earlier
exposure to common infections, with reduced
risk of HL in young adulthood [89, 91–94].
Nursery school or daycare attendance for at least
one year, which could also increase the likeli-
hood of (earlier) exposure to infections, was also
associated with a reduced risk of HL among
young adults in a large case-control study in
Massachusetts and Connecticut [90]. Taken
together, these studies suggest that decreased or
delayed exposure to common childhood infection
may increase risk of HL, possibly due to their
underlying influence on host immune system
maturation.

Aspirin. Regular use of aspirin, which has
anti-inflammatory properties, was inversely
associated with risk of HL in a large case-
control study, whereas acetaminophen use was
positively associated with HL risk [116]. A na-
tionwide study of more than 6 million Danish
residents also reported a modest inverse asso-
ciation between long-term aspirin use and HL
risk, and a positive association for selective
cyclooxygenase-2 inhibitors and other non-
steroidal anti-inflammatory drugs with HL risk
[117].

Smoking. A number of studies have linked
smoking with increased risk of HL [90, 118–
121]. In addition, a pooled analysis conducted by
the InterLymph Consortium, including 3335 HL
cases, reported a modest 10 % increased risk
of HL among ever versus never smokers,

particularly for mixed cellularity HL (Odds Ratio
[OR] 1.60, 95 % Confidence Interval [CI] 1.29–
1.99) and EBV-positive HL (OR 1.81, 95 % CI
1.27–2.56) among current smokers [122].

Obesity. Studies of body mass index
(BMI) and HL have shown mixed results. In a
meta-analysis of 7 prospective studies, the asso-
ciation with HL risk was null for BMI values
considered to indicate overweight, but positive
for BMI values associated with obesity (sum-
mary relative risk [RR] 1.41, 95 % CI 1.14–1.75)
[123], a condition characterized by heightened
inflammation and deregulation of several
immune mediators and growth factors. A large
cohort study of 1.3 million women in the United
Kingdom, including 267 HL cases, reported that
higher BMI was associated with an increased risk
of HL [124]. In a case-control study, BMI was
positively associated with HL among women
aged 19–44 years, but inversely associated with
HL risk at older ages [125]. In another
case-control study, increasing BMI was associ-
ated with higher risk of HL among women
younger than 35 years, but lower risk of HL
among women aged 35 years or older; no asso-
ciation was found among men [126].

Diet. Associations between dietary factors and
HL risk have been reported in few studies.
A large case-control study of dietary patterns
found that a diet high in desserts/sweets was
associated with younger adult and EBV-negative,
younger adult HL risk, while a diet high in meat
was associated with older adult and
EBV-negative, older adult HL risk [127]. The
same case-control study reported a positive
association of dietary intake of saturated fat, and
an inverse association of monounsaturated fat,
with younger adult HL risk [128]. A “Western”
style dietary pattern and diets high in saturated
fat have been associated with pro-inflammatory
factors [129, 130], thereby suggesting a potential
immune-modulating mechanism of diet on HL
risk. Alcohol intake has been associated with
reduced risk of HL in four studies [121, 131–
133], while a fifth study found no association
[120]. Potential mechanisms for alcohol and
reduced risk of HL include improved immune
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function and the antioxidant properties of certain
alcoholic beverages [134]. Additional dietary
studies of HL risk have shown largely null or
modest associations [135–139].

29.4.1.5 Occupational
and Environmental
Exposures

Very little evidence exists linking occupational
or environmental chemical exposures to HL risk.
Weak positive associations have been noted
for wood-related exposures and woodworking
occupations, though many studies found no
association [reviewed in 15]. Studies involving
workplace exposure to chemicals have also been
inconclusive [reviewed in 140].

29.4.2 Risk Factors
for Non-Hodgkin
Lymphoma

29.4.2.1 Introduction
The most established risk factor for NHL is
severe immune compromise, such as that asso-
ciated with HIV infection or post-transplant
medication use. However, most cases of NHL
occur in persons with no overt immune com-
promise, suggesting that other immune-
modulating exposures influence their develop-
ment. NHL is a group of etiologically and epi-
demiologically distinct disease subtypes; as such,
reported associations between some risk factors
and NHL appear to vary by subtype. Other risk
factors appear to be consistently associated with
risk of most NHL subtypes, including family
history of hematologic cancer, autoimmune and
atopic diseases, certain lifestyle factors, and sun
exposure [141–143]. The incidence of most NHL
subtypes increases with age; however, certain
subtypes, such as endemic Burkitt lymphoma
and ALL, are more prevalent among children and
adolescents. Overall, men experience higher
incidence rates of NHL compared to women, but
some histologic types do not demonstrate gender
differences in incidence rates. The following
section will summarize the literature on NHL risk
factors, focusing on associations with the most

common subtypes of the disease to reflect the
significant etiologic complexity of NHL [141].

29.4.2.2 Family History and Genetic
Susceptibility

Individuals with a family history of a first-degree
relative diagnosed with HL and NHL, leukemia,
or MM are at an increased risk for being diag-
nosed with NHL; in particular, a family history
of NHL or HL is associated with an increased
risk of a B-cell or T-cell NHL diagnosis [141].
A family history of MM is associated with an
increased risk of mycosis fungoides and Sézary
syndrome, which are T-cell lymphomas that
originate in the skin [24]. Individual studies of
candidate genes and also pooled genetic studies
by the InterLymph Consortium have reported
genetic susceptibility from common variants in
genes related to the host immune response, cell
cycle control, DNA repair and other plausible
pathways [144–150]; more recently, numerous
novel susceptibility loci in immunoregulatory,
human leukocyte antigen-related, and other
genes have been reported for several major his-
tologic types of NHL by the ongoing, large
international GWAS of NHL [151–154].

29.4.2.3 Immunosuppression,
Autoimmune Disease,
and Infections

Immunosuppression has long been associated
with an increased risk of NHL. NHL is among
the most common cancers diagnosed in recipi-
ents of solid organ transplant and is an
AIDS-defining malignancy in individuals infec-
ted with HIV [155–158]. Furthermore, indi-
viduals diagnosed with certain autoimmune
diseases, including rheumatoid arthritis, systemic
lupus erythematosus, and Sjögren’s syndrome,
are at an increased risk for NHL [159, 160].
Allergies, hay fever, or atopic disease have been
associated with a reduced risk of several NHL
subtypes including FL, CLL/SLL, peripheral
T-cell lymphomas, mantle cell lymphoma,
LPL/WM and sporadic Burkitt lymphoma (i.e.
non-African Burkitt lymphoma) [161–166]. In
contrast, eczema may increase the risk of T-cell
lymphomas and sporadic Burkitt lymphoma.
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Given that some of the evidence for the
allergy/atopy association with NHL derives from
case-control studies, prospective data are needed
to assess the influence of subclinical disease (i.e.,
reverse causality) on the published observations.

Several subtypes are associated with infection
by a specific agent. For example, human T-cell
lymphotropic virus-type 1 (HTLV-1) is associ-
ated with and a necessary cause of ATL,
although incidence varies greatly by geographic
area among HTLV-1-endemic populations [167,
168]. Also, infection with Helicobacter pylori is
associated with an increased risk of MALT
lymphoma [169], and infection with EBV is
associated with 97 % of endemic Burkitt lym-
phoma tumors in equatorial Africa [170, 171].
Sporadic Burkitt lymphoma does not exhibit
such a strong causal relationship with EBV, and
is often diagnosed at older ages [172, 173]. EBV
has also been associated with other subtypes of
NHL, although generally not with most NHL
[174]. Infection with Hepatitis C (HCV) has also
been associated with an increased risk of B-cell
NHL, including DLBCL, CLL/SLL, LPL/WM,
marginal zone lymphoma and sporadic Burkitt
lymphoma in populations with higher HCV
prevalence [141, 163, 165, 166, 175–177].

29.4.2.4 Lifestyle Factors
Obesity/Physical Activity. Several studies have
reported an association between obesity and
other anthropometric factors and NHL risk [178];
however, published associations across specific
subtypes are inconsistent, and thus reported
associations with all NHL types combined are
challenging to interpret. No association was
reported between obesity and all NHL types
combined in a pooled analysis of 18 case-control
studies; however, an 80 % increased risk of
DLBCL was associated with severe obesity
(BMI ≥ 40 kg/m2) [179]. A meta-analysis of
prospective studies reported a 7 % increased risk
of all NHL combined, and a 14 % increased risk
of overall NHL mortality associated with a
5 kg/m2 increase in BMI. When restricted to
studies reporting NHL subtype, increased BMI
was only significantly associated with an

increased risk of DLBCL [123]. Higher young
adult BMI has also been associated with an
increased risk of DLBCL and FL [161, 177]. In
summary, a relationship between obesity and
NHL risk appears strongest among patients
diagnosed with DLBCL, the most commonly
diagnosed NHL subtype; it is less clear whether
obesity is associated with risk of (or mortality
from) other histologic types.

Studies have not consistently reported an
association between physical activity and NHL
risk, overall or by subtype [180, 181]. A recent
meta-analysis of 23 studies observed a borderline
significant 9 % decreased risk of all NHL sub-
types combined when comparing high versus
low physical activity levels, but found no asso-
ciation with risk of DLBCL or FL subtype [182].

Sun Exposure and Vitamin D. Several epi-
demiologic studies have reported a positive
association between high levels of ambient
ultraviolet (UV) exposure and NHL risk, with
variation by subtype and race/ethnicity [183];
however, other studies have not observed such an
association. In contrast, a large international
pooled study by the InterLymph Consortium
recently reported an inverse association of
recreational sun exposure with risk of NHL that
did not demonstrate significant variability by
histologic type [141]. A strong relationship
between dietary or serum Vitamin D and NHL
risk is not apparent in the literature [142, 143,
184, 185].

Diet. Analyses of diet and NHL risk have been
inconsistent and vary by subtype. Studies of
dietary pattern suggest a positive association
between a Western-style diet high in fats and meat
and risk of NHL, in particular an increased risk of
FL [186, 187], while a Mediterranean diet was not
associated with NHL risk [188]. These findings
are consistent with other reports of an increased
risk of NHL in persons with higher consumption
of total and trans fats, and of red meats [189].
Dietary phytocompounds were not associated
with B-cell NHL in a cohort of women [135].
Relatively consistent reports suggest an inverse
association of vegetables [190, 191] and of marine
fatty acids [192] and risk of some NHL subtypes.
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Smoking. Smoking is associated with some
NHL subtypes, and within those subtypes, has
shown variation by anatomical site. For example,
smoking is associated with DLBCL that presents
in the CNS [193]. Cigarette smoking is associ-
ated with an increased risk of FL, mycosis fun-
goides and Sézary syndrome [162, 165],
peripheral T-cell lymphoma, and LPL/WM, and
an inverse association with the rare subtype hairy
cell leukemia [24, 141, 161, 194].

Alcohol. A pooled analysis of 9 international
case-control studies reported a protective asso-
ciation between people who currently drink
alcohol and risk of NHL, compared to non-
drinkers, with weaker associations for former
drinkers [195]. The authors did not observe a
dose-response relationship between the amount
of alcohol consumed and NHL risk. An updated
pooled analysis of case-control studies reported
protective associations between ever-drinkers of
alcohol and risk of overall NHL, DLBCL, and
FL, when compared to nondrinkers, although no
association was observed for risk of MZL or
CLL/SLL [141]. However, a prospective analysis
found an elevated risk of overall B-cell NHL and
of FL in women who were former alcohol drin-
kers, suggesting the timing of alcohol consump-
tion, as well as factors associated with quitting
drinking, may be relevant to lymphomagenesis
[196].

29.4.2.5 Occupational
and Environmental
Exposures

A large European study including 866 cases of
NHL observed an increased risk of disease among
car repair workers and butchers, possibly reflect-
ing exposure to solvents or zoonotic viruses [197].
A pooled analysis of four case-control studies
including more than 3700 cases of NHL observed
an increased risk associated with occupational
exposure to trichloroethylene (TCE) [198]. Simi-
larly, a meta-analysis of cohort and case-control
studies also observed an increased risk of NHL
with occupational TCE exposure [199].

Teachers may have a reduced risk of being
diagnosed with multiple subtypes of NHL,
including marginal zone and FL, while painters

and farm workers may be at an increased risk
[141, 200]. Positive associations have been
observed between farm workers and DLBCL
particularly among women, CLL/SLL, hairy cell
leukemia, mantle cell lymphoma, and mycosis
fungoides and Sézary syndrome. An inverse
association was observed between farm work and
peripheral T-cell lymphoma in a pooled analysis
of 15 case-control studies [24, 162, 164, 166,
177, 194]. Other occupations with consistent
positive associations reported with NHL sub-
types, including DLBCL, across studies include
seamstress or embroiderer and hairdresser [162,
166, 177]. Reported associations between NHL
risk and exposure to lead or cadmium have been
inconsistent [201, 202].

29.4.3 Risk Factors for Multiple
Myeloma

29.4.3.1 Introduction
Few modifiable risk factors for MM have been
identified. Since this malignancy is often diag-
nosed at an advanced stage, and survival rates
remain modest despite recent improvements in
treatment, identification of risk factors and means
of prevention are paramount to reducing the bur-
den of MM. In addition to the growing literature
linking genetic markers to MM risk and survival,
characterization of the role of cytokine and growth
factor signaling in the tumor microenvironment is
becoming increasingly important to understanding
myeloma pathogenesis. In particular, insights
from the well-characterized pathogenic roles for
some cytokine and growth factor pathways may
inform etiologic hypotheses. The following sec-
tion summarizes the epidemiologic evidence elu-
cidating risk factors for MM.

29.4.3.2 Family History and Genetic
Susceptibility

Individuals with a first-degree relative diagnosed
with MGUS or MM have a 2–3 fold increased
risk of developing either disease themselves [48,
203]. A family history of B-cell lymphoprolif-
erative diseases is also associated with an
increased risk of MM [204, 205]. Studies of
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familial MM have also observed an increased
incidence of both hematologic and solid tumors
in relatives of patients with MM, as well as an
early age at myeloma diagnosis in successive
generations (i.e. “anticipation”), further suggest-
ing a role for genetic heritability [206].

Two GWAS identified 7 single nucleotide
polymorphisms (SNP) significantly associated
with MM risk — 6 SNPs were positively asso-
ciated and 1 SNP was inversely associated with
myeloma risk [207–210]. The first GWAS of
MM survival identified variants at 16p13 near the
gene FOPNL associated with survival [211].
Certain genetic mutations and chromosomal
aberrations have been consistently associated
with poor survival among patients with MM,
including t(4;14) and 17p13 deletions [75, 212,
213]. Evidence is inconclusive for t(14;16) and
chromosome 1q21 amplification [75].

Variability in several genes has been associ-
ated with an increased risk of MM; however, the
11 strongest associations reported between
specific SNPs and MM risk from candidate gene
studies were not validated in a recent analysis by
the International Multiple Myeloma rESEarch
(IMMEnSE) consortium [214]. Variability in
genes that encode molecules on the insulin-like
growth factor (IGF)-1 and interleukin (IL)-6
signaling pathways, including the gene encoding
insulin receptor substrate-1 (IRS-1), and the gene
encoding IL-6 (IL6) and the IL-6 receptor
(IL6R), have been associated with risk of MM in
U.S. studies [215, 216] supporting earlier inves-
tigations linking immune system modulation and
serum levels of cytokines to MM development
[217, 218]. Numerous prognostic gene expres-
sion profiling signatures for MM have been
reported; currently, the IMWG is working to
unify the prognostic signatures through prog-
nostic modeling [75].

Cytokine and growth factor signaling in the
tumor microenvironment may also be important
to myeloma development, and this is a develop-
ing area of interest for etiologic study. Prediag-
nostic serologic levels of IGF-binding protein
(BP)-1 were positively associated with MM risk
within 3 years of diagnosis, and sIL-6R with

MM risk within 6 years of diagnosis in a pooled
analysis of 8 cohort studies [219].

29.4.3.3 Lifestyle Factors
Obesity/Physical Activity. When considering the
associations between potentially modifiable life-
style factors and MM, the most consistently
reported association has been that between obe-
sity and MM. A pooled analysis of 20 prospec-
tive studies including 1388 MM deaths observed
a positive association of mortality from myeloma
with both young-adult and cohort-entry BMI.
A separate positive association was observed
between MM mortality and high waist circum-
ference. Women who reported both young-adult
BMI > 25 and cohort-entry BMI > 30 had a
nearly 2-fold increased risk of dying from MM
compared to women with normal BMI at both
time points; this association was not evident in
men [220]. Obesity and overweight BMI have
also been associated with an increased risk of
incident myeloma [181, 221]. Of note, these
findings for BMI are consistent with the afore-
mentioned data from serologic studies of other
hormonal pathways that are altered in obese
individuals and important in MM pathogenesis.
Data on physical activity and sedentary behavior
is more limited, but suggest an inverse associa-
tion with physical activity and a positive asso-
ciation with increased sitting time [181, 221,
222].

The findings for energy balance-related risk
factors appear to be corroborated by biomarker
studies, including the observation that circulating
adipokines, which are cytokines secreted by
adipose tissue, may play a role in myelomagen-
esis, and that adiponectin levels in particular are
inversely associated with myeloma risk in several
studies [223–225].

Aspirin. Aspirin use has been associated with
a significant 37–39 % reduced risk of MM in a
prospective analysis, among adults taking ≥5
adult strength tablets per week, and those with
≥11 years of continuous use [226]. Although
another large prospective study did not observe
an association of aspirin use with MM risk [227],
the aforementioned findings are plausible given
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the known role of NF-κB-mediated pathways in
MM pathogenesis and the down-regulatory effect
of aspirin on NF-κB and several of its down-
stream targets [228–230]. However, a hospital-
based case-control study did not observe an
association between aspirin use and MM risk,
although regular acetaminophen use was associ-
ated with a nearly 3-fold increased risk of mye-
loma in that population [231].

Alcohol and Smoking. A pooled analysis of 6
case-control studies including 1567 MM cases
suggests an inverse association between self-
reported alcohol use and myeloma risk [232].
A separate pooled analysis of 9 international
case-control studies including 2670 cases found no
evidence of an association between cigarette
smoking and risk of MM [233].

29.4.3.4 Occupational
and Environmental
Exposures

Reports of positive associations between MM risk
and a number of environmental and occupational
exposures have long been suggested in the liter-
ature. Studies have focused on agricultural
workers, employees of the petroleum and leather
industries, cosmetologists, and firefighters, with
the most consistent associations reported follow-
ing exposure to pesticides [234–242]. Studies
have also reported a suggested increased risk of
MM in radiation workers [243–245] and among
hairdressers and those exposed to hair dye [246].
However, the associations between occupational
and environmental factors and MM risk have been
modest and inconsistent across studies, possibly
due to inconsistent or biased methods for assess-
ing exposure, inconsistent ranges of exposure
across populations, or perhaps suggesting these
factors may not be strongly related to MM.

29.5 Summary

Together, hematologic malignancies account for
about 10 % of all cancers diagnosed in the U.S.
each year [56]. However, hematologic malignan-
cies are in fact a diverse group of diseases, with

distinct combinations of cell of origin, clinical
presentation, descriptive epidemiology, and known
risk factors, as detailed above. The emerging
knowledge of molecular subtypes within specific
histologic types of these tumors further adds
complexity to the study of their etiology and pre-
vention. Several of these cancers share common
aspects in their pathogenesis, for example a role for
inflammation and immune activation, even if
specific signaling pathway alterations may vary
across types. As a result, a given immune-
modulating risk factor, such as autoimmune dis-
ease, infection, obesity or immunosuppressionmay
demonstrate an association with more than one
type, but not necessarily with all types, of hema-
tologic cancer.

As a group, hematologic malignancies appear
to share some epidemiologic risk factors, such as
a family history of hematologic cancer. The
knowledge of increased risk among first-degree
relatives of hematologic cancer or MGUS patients
further underscores the urgency of identifying
modifiable risk factors and prevention strategies
for these malignancies. However, to date many
putative risk factors do not show a universal
association with all subtypes. For example, while
certain histologic subtypes of both HL and NHL
have been linked to infection with EBV, others
show no association with infectious agents. Some
tumors have known and increasingly well-
characterized pre-malignant conditions that are
believed to precede all malignant diagnoses (i.e.,
MGUS prior to MM or WM), but we know very
little regarding risk factors for progression from
pre-malignancy. Similarly, we do not know
whether putative risk factors vary between more
and less aggressive molecular subtypes that have
been identified and found to hold clinical rele-
vance for some histologic types of hematologic
cancer (such as DLBCL, CLL, FL and others).
Studies that incorporate the collection and
molecular interrogation of diagnostic tumor tis-
sue, and that evaluate risk factors separately by
molecular type, will likely offer valuable insights
regarding opportunities to prevent and diminish
the severity of those tumors. Further, much of the
current understanding of risk factors for hemato-
logic malignancies derives from case-control
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studies that are vulnerable to survival, recall and
other biases such as reverse causality. Thus,
clarification of purported etiologic associations
and exploration of questions such as the most
relevant timing of exposure for influencing dis-
ease risk are urgently needed from prospective
cohort studies.
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30Pathology and Molecular Pathology
of Hematologic Malignancies

Dinesh Rao and Jonathan Said

30.1 Introduction

Hematologic malignancies are a diverse group of
diseases, but can generally be characterized by
clinical presentation into leukemias and lym-
phomas. Leukemia involves the peripheral blood,
while lymphomas involve solid tissues or lymph
nodes. Leukemias are most often comprised of
immature hematopoietic elements while lym-
phomas are composed of B-cells, T-cells, or
natural killer (NK) cells of varying degrees of
maturity. Since lymphomas may become leu-
kemic and involve the peripheral blood, the dis-
tinction between leukemia and lymphoma is not
rigid, and the diseases are best considered
according to their pathologic features, patho-
genesis, and molecular changes. Most hemato-
logic malignancies are clonal neoplasms and
have specific somatic genetic and molecular
characteristics which in turn may influence
therapeutic response and prognosis. The molec-
ular basis of each tumor type is becoming
quintessential to the diagnosis, in addition to
determining therapy and prognosis. Leukemias

may also be characterized as acute and immedi-
ately life threatening, or chronic, indolent, and
not necessarily requiring initial therapy. Acute
leukemia includes those derived from lymphoid
and myeloid progenitors, which constitute the
traditional two branches in the hierarchy of
hematopoietic development. Chronic leukemia
can also be derived from lymphoid or
myeloid-derived cells, but generally these show a
range of maturation, as opposed to the mono-
tonous composition of progenitor cells in acute
leukemia. Hence, the hematologic malignancies
comprise a diverse group of diseases, ranging in
cell of origin and clinical presentation.

A consensus classification system has been
developed by an expert group of hematopathol-
ogists that combines clinical, pathologic, and
molecular features of the disease to classify the
hematologic malignancies [1]. This system, and
others like it, divides hematologic malignancies,
where possible, into lymphoid and
myeloid-derived diseases, and these broad cate-
gories of disease are discussed in this chapter.

30.1.1 Development, Anatomy,
and Histology
of the Lymphatic
System

Successive waves of hematopoiesis occur during
embryonic development, and definitive adult
hematopoiesis begins in the period around birth.
Anatomically, the bone marrow is the site of
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primary hematopoiesis in the adult. The bone
marrow cellular population includes hematopoi-
etic stem cells, which through successive steps of
differentiation, give rise to the mature blood cells,
briefly introduced in Chap. 2. The major lineages
in the peripheral blood include lymphoid cells
(B-and T-cells), myeloid cells (granulocytic and
monocytic cells) as well as anucleate red blood
cells and platelets. In addition to the true pluripo-
tent hematopoietic stem cells, there are progenitor
cells within the different lineages (i.e., lymphoid,
myeloid, etc.) that have stem-like properties, and
are capable of producing cells of one ormore of the
mature blood cell lineages [2]. The development
of these cells has been the focus of many years
of research, and developmental and lineage-
specific cells can be recognized morphologically
in the bone marrow (Fig. 30.1). Mature cells exit
the bone marrow and persist in the systemic
circulation for varying periods of time. The
longest lived cells are generally the lymphoid
cells, which additionally colonize secondary
lymphoid tissues, such as the spleen and lymph
nodes. In these secondary lymphoid tissues, B-and
T-lymphocytes are organized into distinctive

structures that can be recognized morphologically
and immunophenotypically. The normal lymph
node is encapsulated, and can be divided into
cortical and medullary areas. The cortex contains
the primary follicles, while the medulla contains a
mixture of blood vessels, lymphocytes and other
cells. Primary follicles in the lymphoid tissues
consist of a mixture of B-cells that are positive for
the cell surface antigen CD20 and T-cells that are
positive for CD3 (Fig. 30.2). It is important to note
that the antigens expressed by lymphoid cells are
much more complex than this simple dichotomy,
and the subtypes of cells and their morphologic
and functional characteristics, as well as their
immunologic role, are infinitely more diverse.
Moreover, these cells also colonize extranodal
sites including the skin and mucosal surfaces.
Together these lymphoid tissues perform the
function of immune surveillance and the lymphoid
cells drain into lymphatic channels which form a
low-pressure, slow secondary circulatory system
with an eventual return to the systemic circulation
via the thoracic duct. The cells described here form
the majority of the cells of origin in hematologic
malignancies.

Fig. 30.1 Normal bone marrow. Normal elements of the
bone marrow include megakaryocytes, erythroid cells and
myeloid cells. Megakaryocytes are large cells with
multilobated nuclei. Erythroid cells show dark round

nuclei that condense and are extruded as the cells mature.
Myeloid cells show indented and segmented nuclei, with
variable granularity. Hematoxylin and eosin stain, original
magnification ×400 (a) and ×1000 (b)
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30.1.2 Lymphoid Activation
and the Basis
of Pathogenetic
Translocations

To understand the cell of origin in lymphoma, it
is necessary to consider lymphoid activation.
B-cells begin their lives in the bone marrow as
precursors, and as they mature they move out
into the periphery where they populate the lymph
node cortex. When antigenic stimulation leads to
activation of the immune system, the follicles in
the lymph nodes develop germinal centers. In
these germinal centers, B-cells undergo somatic
hypermutation and class-switch recombination,
and some eventually develop into plasma cells
capable of producing specific immunoglobulins.
Both processes constitute tightly controlled DNA
mutation of the immunoglobulin loci, catalyzed
by specific enzymes including activation-induced
deaminase (AID) [3]. During, this maturation
process and controlled DNA mutation, most of
the B-cells acquire mutations that do not increase
their affinity for antigen, and undergo pro-
grammed cell death. A subset survives which is
selected for an increased affinity of their

immunoglobulin for specific antigens. Occa-
sionally, however, these mechanisms of control
and selection fail, and a B-cell with a patholog-
ical DNA mutation survives the germinal center
reaction with a potential for additional genetic
events and neoplastic transformation. Based on
the stage of differentiation of the cell that
acquires the mutation, different subtypes of
lymphoma can develop (Fig. 30.3).

Many genetic alterations involve breaks in the
immunoglobulin heavy chain (IGH) gene locus
on chromosome 14 which can result in a
translocation with an oncogene such as MYC [4].
This results in a balanced translocation and
abnormal expression of MYC protein. MYC is a
powerful oncogene which drives cells into the
cell cycle. In cells with t(14;18), MYC is juxta-
posed between the IGH locus, which is highly
active in B-cells, resulting in a massive overex-
pression of this oncogene which in turn drives
cell growth and proliferation. Similarly, translo-
cations involving the IGH gene and BCL2 are
typical of follicular lymphoma (FL) [5, 6]. In this
case, the IGH locus is juxtaposed against BCL2
whose overexpression prevents cell death of
lymphoma cells. Abnormalities in BCL6 can

Fig. 30.2 Normal lymph node. This section shows the
quintessential lymph node structure, a follicle with a
germinal center. The germinal center is the central region
of a follicle, with a mixture of small and large cells,
mitotic figures and tingible body macrophages.

Surrounding the germinal center is a mantle zone, a
compact region of small lymphocytes. Between follicles
are interfollicular zones, which can be appreciated at the
edges of the photomicrograph. Hematoxylin and eosin
stain, original magnification ×400
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arise from point mutations, and can involve the
same IGH locus. BCL6 is a transcription factor
and when over expressed can block B-cell dif-
ferentiation resulting in long-lived proliferative
cells [7]. This brief discussion illustrates neo-
plastic progression from increased survival or a
block in apoptosis with BCL2 translocations,
increased growth from oncogenes that drive cells
into cell cycle like MYC, and a potential block in
differentiation from genes such as BCL6 which
govern the germinal center cell reaction. These
three concepts, survival, growth, and differenti-
ation, are thought to involve all lymphoid tumors
to various degrees.

30.1.3 Epstein-Barr Virus and
Lymphomagenesis

The infectious agent most often associated with
lymphomas is the Epstein-Barr virus (EBV). Over

90 %of the population is infectedwithEBVby the
time they reach adulthood [8], and EBV persists
for the lifetime of the host in the latent form by
embedding itself in a very small percentage of
B-cells, where it is thought to be held in check by
T-cell-mediated immunity. When there is impair-
ment of the immune system for example due to
iatrogenic drugs, transplantation, or infections
such as human immunodeficiency virus (HIV), the
EBV-infectedB-cells proliferate and are subject to
additional genetic alterations which can lead to
lymphoma. In an EBV-positive lymphoma not
only is the B-cell clonal, but the EBV within that
B-cell is clonal as well. In patients over the age of
60, lymphomatous proliferations known as
EBV-positive diffuse large B-cell lymphoma
(DLBCL) of the elderly may occur, presumably
related to senescence of the immune system [9].
Immune dysregulation is clearly a key factor,
which contributes to lymphomagenesis in many
circumstances. Immune senescence, geography,

Fig. 30.3 A schematic of antigen-driven B-cellmaturation
and pathologic translocations that can lead to the different
subtypes of B-cell lymphoma. Abbreviations: MCL,Mantle

cell lymphoma; BL, Burkitt Lymphoma; FL, Follicular
lymphoma; DLBCL, Diffuse large B-cell lymphoma; PCM,
Plasma cell myeloma; MZL, Marginal Zone lymphoma
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congenital, or acquired immune defects may all
contribute to the neoplastic process.

30.2 Neoplastic Lymphoid
Proliferations

Given the breadth of hematologic malignancy
subtypes, this discussion will be restricted to
mature lymphoid neoplasms, which tend to
involve the lymph nodes and other tissues, but the
malignant cells may also circulate in the periph-
eral blood as leukemias. These neoplasms can
also be classified as Hodgkin lymphoma (HL) and
non-Hodgkin lymphoma (NHL), the latter a large
group derived from mature B-cells, T-cells, or
NK cells. B-cell NHL is far more common than
T-cell NHL, and comprises approximately 80 %
of lymphomas in Europe and the United States
[10]. Although heterogeneous in their etiology
and pathogenesis, many are derived from the
germinal center reaction as mentioned above, and
certain types are associated with infectious
agents. In the following discussion, we will
briefly introduce HL and T-cell NHL, and

summarize the relevant immunological consider-
ations and molecular pathogenesis of the most
common B-cell NHL subtypes (also summarized
in Tables 30.1 and 30.2) [11–22].

30.2.1 Hodgkin Lymphoma
and T-Cell Lymphoma

Together, HL and T-cell NHL constitute a
minority of cases of lymphoma in the United
States and Europe, but their incidence differs in
other parts of the world [10]. Briefly, HL was the
first defined type of lymphoma in the early nine-
teenth century, and it was recognized as such due
to a unique and stereotyped presentation and
anatomic pattern of involvement. Many years
later, histopathologists identified the malignant
cell, the “Reed-Sternberg” (RS) cell that has a
characteristicmorphologic appearance (Fig. 30.4).
Histologically, HL contains a minority of these
neoplastic cells with an accompanying infiltrate
composed of a diverse group of immune cells
including histiocytes, plasma cells, small lym-
phocytes, and eosinophils. Molecular studies of

Table 30.1 A partial list
of b-cell lymphoma with
immunohistochemical
staining patterns

Lymphoma
type

CD20 CD5 CD10 CD23 BCL1 BCL2 BCL6

Mantle cell
lymphoma

+ + − − + − −

CLL/SLL + + − + − + −

Marginal zone
lymphoma

+ − − − − + −

Burkitt
lymphoma

+ − + − − − +

Follicular
lymphoma

+ − + ± − + +

DLBCL, GC
type

+ − + − − ± ±

DLBCL, non
GC type

+ − − − – ± ±

CLL/SLL chronic lymphocytic leukemia/small lymphocytic lymphoma; DLBCL Diffuse
Large B-cell lymphoma; GC germinal center B-cell
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singly isolated RS cells revealed that these were
cells of B-cell origin that had undergone crippling
mutations of their immunoglobulin genes and
activation of NFκ[kappa]B. Moreover, recent

studies have identified that amplifications in 9p24
led to overexpression of the genes encoding the
immunoregulatory proteins PD-L1 and PD-L2,
and this is now the basis of a novel therapeutic

Table 30.2 Molecular genetic abnormalities seen in lymphoid malignancies

Lymphoma Molecular alterations

Small lymphocytic
lymphoma/CLL

Del 13q14.3 most common followed by trisomy 12 and deletions of 11q22–23,
17p13 and 6q21 [11]. Possible targets in the 13q14.3 region are two microRNA
genes, miR-16–1 and miR-15a, ATM in the 11q22–23 region and TP53 in the
17p13 region

Follicular lymphoma Translocation t(14;18)(q32;q21) and BCL2 gene rearrangements are the hallmark
of follicular lymphoma [12]. Abnormalities of 3q27 and/or BCL6 rearrangement
are found in 5–15 % of cases Other genetic alterations include loss of 1p, 6q, 10q
and 17p, and gains of chromosomes 1, 6p, 7, 8, 12q, X among others

Plasma cell myeloma Multiple numerical and structural abnormalities are found, including trisomys,
whole or partial chromosome deletions and translocations [13]. Complex
cytogenetic abnormalities are common. The most frequent chromosome
translocations involve the heavy chain locus (IGH@) on chromosome 14q32. Major
recurrent oncogenes involved in 14q32 translocations include cyclin D1 (11q13)

Mantle cell lymphoma The t(11;14)(q13;q32) between IGH and cyclin D1 (CCND1) is the hallmark of
mantle cell lymphoma [14], and is found in about 95 % of cases. MCL also carries
a high number of non-random secondary chromosomal abnormalities including loss
of TP53 and trisomy 12

Diffuse large B-cell
lymphoma

Most commonly there are abnormalities, including translocations, involving the
3q27 and the BCL6 gene [15]. Rearrangements of the MYC gene occur in about
10 %, and are usually associated with a complex pattern of additional molecular
alterations. Other mutations in DLBCL include frequent mutations in MYD88,
CD79A/B, CARD11, A20 loss, and TP53 [16]

Burkitt lymphoma The molecular hallmark of BL is a translocation involving the MYC gene at band
q24, from chromosome 8 to the Ig heavy chain region on chromosome 14 [t(8;14)]
or less commonly at light chain loci on 2p12 [t(2;8)] or 22q11[t(8;22)] [17]

Marginal zone B-cell
lymphoma (MZL)

Approximately 30 % of splenic MZL show 7q deletion
Splenic marginal zone lymphomas may have mutations involving NOTCH2.
Chromosomal translocations associated with extranodal marginal zone lymphomas
(lymphomas of mucosal associated lymphoid tissues or MALT) include t(11;18), t
(1;14), t(14;18) and t(3;14), resulting in the production of a chimeric protein
(API2-MALT1) [18]. Trisomy’s including chromosome 3 and 18 also occur

Hairy cell leukemia (HCL) BRAFV600E mutations are the most important genetic abnormalities which
characterize HCL [19]

Peripheral T-cell lymphoma
(PTCL)

PTCL tend to have multiple abnormalities and complex karyotypes [20]. Recurrent
chromosomal gains have been observed in chromosomes 7q, 8q, 17q and 22q, and
recurrent losses in chromosomes 4q, 5q,and 12q among others. PTCL involving
T-follicular helper cells, such as angioimmunoblastic T-cell lymphoma (AITL),
have frequent mutations involving RHOA, TET2, and DNMT3A

Anaplastic large cell
lymphoma (ALCL)

The hallmark of ALK positive ALCL is fusion of the ALK gene with various
translocation partners. The most frequent genetic alteration is a translocation, t(2;5)
(p23;q35), between the ALK gene on chromosome 2 and the nucleophosmin (NPM)
gene on chromosome 5 [21]. Variant translocations involving ALK and other
partner genes occur less frequently. In ALK negative ALCL the DUSP 22
translocation characterizes an important subgroup with improved outcome, while
those with TP63 do poorly [22]
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approach [23]. HL can be divided into two major
subgroups including nodular lymphocyte pre-
dominant HL, where tumor cells retain
immunophenotypic features of germinal center
B-cells, and classical HL, which fail to express
these gene products. Classical HL is further sub-
divided into nodular sclerosis classical HL, mixed
cellularity classical HL, lymphocyte-rich classical
HL and lymphocyte depleted classical HL, defi-
nitions of which are beyond the scope of this book
chapter. The reader can refer to a recent review of
this disease for further information [24].

Another major lymphoma subtype is T-cell
NHL. T-cell lymphomas constitute a diverse
array of lymphoma types that encompass differ-
ent cells of origin, many different mutations, and
show a range of histologic features from very
bland to highly pleomorphic. Recent progress in
the field has focused on more specific definitions
of subtypes of T-cell lymphoma that may have a
specific histogenesis. For example, Angioim-
munoblastic T-cell lymphoma (AITL) is thought
to derive from a follicular T-helper cell, which
shows expression of specific markers including

Fig. 30.4 Classical Hodgkin lymphoma. a, b Histologi-
cally, classical Hodgkin lymphoma is composed of a
mixture of cells, including small lymphocytes, plasma
cells, histiocytes, and eosinophils, as well as the large,
multilobated Reed-Sternberg (RS) cell. Hematoxylin
counterstain, original magnification ×1000. c The RS
cell classically stains for the activation marker CD30

(immunohistochemistry with anti-CD30 antibody, hema-
toxylin counterstain, original magnification, ×200 and
inset, ×1000). d The RS cell also stains for CD15, a
myeloid related antigen (immunohistochemistry with
anti-CD15 antibody, hematoxylin counterstain, original
magnification, ×1000)
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PD1 and CXCL13. The proliferation of the
T-cells leads to recruitment of additional immune
cells and vascular proliferation, generating the
classic appearance of this disease (Fig. 30.5). In
addition, there are scattered B-immunoblasts
within the infiltrate that are generally positive
for EBV, and the latter may represent the
underlying etiological agent responsible for this
disease. Other forms of T-cell lymphoma include
anaplastic large cell lymphoma and peripheral
T-cell lymphoma, along with a number of others.
In general, T-cell lymphoma is thought to be
more common in Asian populations, where an
association with EBV has been noted [10].

30.2.2 Non-Hodgkin B-Cell
Lymphoma

30.2.2.1 Chronic Lymphocytic
Leukemia/Small
Lymphocytic
Lymphoma

Chronic lymphocytic leukemia/small lympho-
cytic lymphoma (CLL/SLL) is a neoplastic pro-
liferation comprised of small regular lymphoid
cells similar to those found in normal tissues but
present in increased numbers and effacing normal
architecture in the bone marrow, peripheral
blood, lymph nodes, spleen, and other organs

Fig. 30.5 Angioimmunoblastic T-cell lymphoma. a,
b AITL consists of a mixture of cells, including malignant
T-cells and a proliferation of high endothelial venules and
follicular dendritic cells. The T cells generally show
“water-clear cytoplasm” as can be appreciated in b. Hema-
toxylin and eosin stain, original magnification, ×200

(a) and ×1000 (b). The T cells stain with antibodies to
CD3e (c) and to CD10 (d), a follicular marker, pointing to
a T-follicular helper cell origin for these lymphomas.
Hematoxylin counterstain, original magnification ×400
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(Fig. 30.6). CLL is defined as greater than
5 × 109 L circulating clonal B-cells with appro-
priate morphology and immunophenotype. When
the disease presents in lymph nodes it is called
SLL. CLL has a relatively high genetic predis-
position, with a family history of CLL in up to
10 % of cases. Immunoglobulin genes are rear-
ranged and with somatic hypermutation in 50–
60 % of cases [25], the remainder has unmutated
immunoglobulin genes. Most cases have cyto-
genetic abnormalities, particularly del (13q) in
about 50 % of cases, trisomy 12, as well as
deletions of 11q, 17p13, and 6q21. For many
years the candidate tumor suppressor on chro-
mosome 13q was unknown, as the deleted region
did not show many protein coding genes. How-
ever, the recognition of non-coding RNA and
microRNA in the last decade led to the identifi-
cation of a candidate tumor suppressor micro-
RNA gene on chromosome 13q [26]. Recent
work in mouse models has suggested that this
microRNA, miR-15a/16 may be pathogenetic in
causing low-grade B-lymphocytosis and eventu-
ally CLL/SLL [27]. In addition to the patho-
genetic implications, many of these genetic
findings have prognostic implications. CLL
patients with mutated IGH loci have a better
prognosis, whereas those with deletions of 17p in
the region of the TP53 tumor suppressor gene
generally have a worse prognosis.

30.2.2.2 Burkitt Lymphoma
Burkitt lymphoma (BL) is an example of lym-
phomagenesis with specific molecular alterations,
typically but not necessarily associated with
EBV. It is the most common non-Hodgkin lym-
phoma in children and adolescents. Pathologi-
cally, it is a monomorphic proliferation of
medium sized transformed germinal center rela-
ted B-cells with round nuclei, clumped chro-
matin, basophilic cytoplasm, squared-off cell
borders, cytoplasmic vacuoles, medium-sized
paracentral nucleoli, and a starry sky pattern
caused by the presence of numerous phagocytic
histiocytes (Fig. 30.7). Translocations involving
MYC are characteristic but not specific for BL.
Although greater than 90 % of African BL cases
are positive for EBV, only about 30 % of cases in
Europe and the United States contain EBV [28].

BL has a characteristic chromosome abnor-
mality of translocation at chromosome 8q24
involving MYC usually with chromosome 14q32
involving IGH [4, 29–31]. Variant translocations
occur with the lambda light chain gene (IGL) at
chromosome 22q11 or the kappa gene (IGK) at
chromosome 2p12 in up to 16 % of cases [32–
34]. The MYC break-apart probe is generally
used in interphase fluorescence in situ
hybridization (FISH) to detect the translocations,
since it is not dependent on the specific

Fig. 30.6 Bone marrow involved by chronic lympho-
cytic leukemia. There is an aggregate of small neoplastic
lymphoid cells with a central proliferation center. Hema-
toxylin and Eosin stain, original magnification ×400

Fig. 30.7 Burkitt lymphoma showing a diffuse prolifer-
ation of cohesive intermediate sized cells with distinct
nucleoli and frequent mitoses. There are scattered phago-
cytic histiocytes lend a starry sky appearance to the
infiltrate. Hematoxylin and Eosin stain, original magnifi-
cation ×400
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translocation partner. The breakpoints may vary
in different types of BL. For example, in endemic
BL the MYC breakpoint is generally far 5′ cen-
tromeric of MYC, while in HIV-related BL the
breakpoint tends to occur between exon and
intron 1. Nonetheless, it is thought that all of
these translocations result in a massive, unregu-
lated overexpression of MYC.

MYC and Its Role in Burkitt Lymphoma
Recent studies have suggested that MYC is a
global amplifier of all active promoters and
enhancers in the genome, rather than a conven-
tional transcription factor [35]. In this setting,
MYC is able to drive proliferation by increasing
glucose utilization and increasing protein syn-
thesis. However, this interpretation of the data
has been questioned by a second, more recent
study, which reiterates the capacity of MYC to
target specific genes and drive tumorigenesis
[36]. Nonetheless, it is apparent that neither EBV
infection nor MYC translocation are sufficient to
initiate and maintain neoplastic proliferations in
BL, and t(8;14) has even been detected in normal
individuals [37]. There is considerable new data
regarding additional genetic aberrations which
contribute to the pathogenesis of BL. For
example, co-activation of MYC-PI3K selects for
stabilizing mutations in cyclin D3 (CCND3),
which is a key regulator of the cell cycle in
germinal center B-cells [38], and cyclin D3 is
commonly overexpressed in BL. Abrogating
PI3K signaling or cyclin D3 leads to BL cell
death [39], highlighting the importance of this
pathway and providing a potential for use of
therapeutic agents that target the PI3K signal
transduction cascade. Thus, the relationship
between c-MYC and PI3K signaling has
far-reaching effects in BL diagnosis, prognosis,
and treatment and bears further study.

30.2.2.3 Lymphoma of Mucosal
Associated Lymphoid
Tissues

Mucosal associated lymphoid tissue (MALT)
lymphomas typically involve extranodal tissues
including the stomach, orbit, skin, thyroid, and
other sites. It is comprised of small B-lymphocytes

most commonly resembling those in the marginal
zone of the lymphoid follicle, often called
centrocyte-like cells. The cells are small with
mildly irregular nuclei and increased often clear
cytoplasm. They frequently show plasma cell
differentiation.Where, they involve epithelial sites
the neoplastic cells typically infiltrate the adjacent
epithelium forming so-called lymphoepithelial
lesions (Fig. 30.8).

MALT lymphomas serve as a model of lym-
phomagenesis related to infection, antigenic
stimulation, and genetic dysregulation. The
clearest example occurs in the case of gastric
MALT lymphomas which are often preceded by
gastritis due to infection with the bacterial
organism Helicobacter pylori. This causes an
inflammatory gastritis which includes formation
of reactive germinal centers, and over time
genetic abnormalities can result in an uncon-
trolled clonal proliferation of B-cells whose
antigen receptors recognize H. pylori. This pro-
cess can be reversed and the lymphoma eradi-
cated by using antibiotics effective against H.
pylori [40]. There are several genetic abnormali-
ties which characterize MALT lymphomas
including the translocation t(11;18), t(14;18)(q32;
q21) not involving the BCL2 gene, and t(3;14)
which results in the production of a chimeric
protein known as API-MALT1 [41]. Many of the

Fig. 30.8 MALT lymphoma of the stomach. The neo-
plastic cells are small with mildly irregular nuclei and
clear cytoplasm. They are infiltrating a gastric gland
forming a lymphoepithelial lesion. Hematoxylin and
Eosin stain, original magnification ×400
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translocations are thought to result in the consti-
tutive activation of the NFκ[kappa]B pathway,
which results in increased cell growth and inhi-
bition of apoptosis. In MALT lymphoma there are
different genetic abnormalities associated with
various sites of disease and geographic variabil-
ity, and many of these abnormalities have prog-
nostic implications including the likelihood of
responding the antibiotic therapy. The latter
therapy is one of the few examples where removal
of an inciting agent can result in the regression of
a malignancy, and highlights the close relation-
ship between normal immune system function
and development of B-cell neoplasia.

30.2.2.4 Diffuse Large B-Cell
Lymphoma

DLBCL is a common histologic subtype of
lymphoma and comprises 30 % of adult
non-Hodgkin lymphomas in the west and an
even higher percentage in developing countries
[10]. DLBCL is an aggressive form of lymphoma
and despite improved treatment regimens about
40 % of patients fail to respond or relapse fol-
lowing chemotherapy. DLBCL is generally
characterized by clonal rearrangements of IGH,
IGK, and IGL genes, with many cases also
showing somatic hypermutation, indicative of a
post-germinal center cell origin. The most com-
mon cytogenetic findings are abnormalities in
chromosome 3q27 involving BCL6 in 30 % of
cases, abnormalities of BCL2 with translocation t
(14;18) in 20 %, and MYC rearrangement in
10 % of cases [42, 43]. DLBCL can occur at
nodal or extranodal sites. There is an ongoing
effort to tailor therapy to individual patients with
subtypes of DLBCL, and prognostic markers are
becoming increasingly important.

DLBCL is characterized by diffuse prolifera-
tion by sheets of large cells of B-cell phenotype
(Fig. 30.9). In many cases the cells resemble the
large germinal center cells or centroblasts present
in normal germinal centers. Centroblasts are
intermediate to large with round or oval nuclei,
vesicular chromatin, and 2–4 nucleoli often at the
nuclear membrane. There is moderate ampho-

philic to basophilic cytoplasm. Based on gene
expression profiling DLBCL can be character-
ized in two main groups, germinal center B-cell
(GCB) with signature of germinal center B-cells
(50 % cases), and activated B-cell (ABC), the
latter demonstrating a gene expression profile
similar to that induced by in vitro activation of
peripheral blood B-cells, and this group has been
associated with an adverse prognosis. Cases of
DLBCL with ABC genotype exhibit constitutive
NFκ[kappa]B signaling, and it appears that acti-
vation of this pathway is fundamental to the
growth of this neoplasm [44]. Proteasome inhi-
bitors such as Bortezomib have shown some
activity against these types of lymphomas given
the dependence of NFκ[kappa]B signaling on the
proteasome. This approach is also being used to
treat multiple myeloma, where constitutive acti-
vation of NFκ[kappa]B can also be seen.

30.2.2.5 Mantle Cell Lymphoma
Mantle cell lymphoma (MCL) is a mature B-cell
neoplasm derived from the mantle zone of the
normal germinal follicle. It consists of
monomorphic small to medium-sized atypical
lymphocytes arising from naïve mantle zone
B-cells, with a generally aggressive clinical
course and a median survival of 3–5 years.

Fig. 30.9 Diffuse large B-cell lymphoma showing sheets
of large centroblastic appearing cells with prominent
nucleoli infiltrating soft tissue. Hematoxylin and Eosin
stain, original magnification ×400
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Mantle cell lymphoma makes up about 5 % of
adult non-Hodgkin lymphomas, and is more
common in males. The critical cytogenetic event
in MCL is the t(11;14)(q13;q32) between the
IGH and CCND1 genes [6]. This results in dys-
regulated cyclin D1 expression and progression
through the G1-S cell cycle checkpoint
(Fig. 30.10). This is a relatively specific marker
of B-cell neoplasia, as Cyclin D1 expression is
generally restricted to non-B-lymphocytes. While
this cell cycle alteration alone is insufficient to
cause MCL, it sets the stage for other genetic
events that contribute to a clonal proliferation of
neoplastic lymphoid cells and mantle cell lym-
phoma. Because of the aggressive nature of the
disease (most relapse within 2 years of treat-
ment), there are a number of clinical trials with a
more biological approach to treatment. These
include drugs that affect the microenvironment of
the tumor (thalidomide, lenalidomide) small
molecule inhibitors like pan-BCL2 inhibitors,
and proteasome inhibitors. Most recently, inhi-
bition of Bruton’s tyrosine kinase (BTK) with
novel small molecule drugs has also shown
promise in this difficult-to-treat lymphoma.

30.2.2.6 Follicular Lymphoma
FL accounts for about 20 % of all lymphomas,
and has its highest incidence in the United States

and Western Europe [45]. It is rare in individuals
under 20, and usually involves adults in the 6th
decade. Patients usually present with generalized
lymphadenopathy, and the disease often involves
the bone marrow. Morphologically, FL fre-
quently has a follicular growth pattern resem-
bling the germinal centers from which the
malignant cells are derived (Fig. 30.11). It is
thought that there is a block in further differen-
tiation of the lymphoma cells, resulting in a
uniform proliferation of centrocytes and cen-
troblasts that fail to differentiate into plasma cells
and memory B-cells. The immunoglobulin heavy
and light chain genes are rearranged in FL, and
the variable region genes may show ongoing
somatic hypermutation. FL is characterized in
90 % of cases by the t(14;18) translocation
involving the IGH gene and BCL2 gene on
chromosome 18 [6]. Since the IGH-BCL2
fusions may be found in healthy individuals,
other genetic events are required to develop
lymphoma [46]. Abnormalities of BCL6 and
3q27 are found in up to 15 % of FL, as well as
other genetic alterations. New therapeutic
approaches targeting the BCL2 pathway are
being explored, as small molecule inhibitors of
BCL2 family proteins show some promise in
clinical trials. Similarly, high-throughput studies
are showing the importance of non-B-cells in the

Fig. 30.10 Mantle cell lymphoma involving the bone
marrow. The cells are present in the mantle zone of a
germinal center and show nuclear expression of cyclin D1
(brown). Hematoxylin counterstain, original magnifica-
tion ×400

Fig. 30.11 Follicular lymphoma showing a neoplastic
nodule resembling a follicle but comprised of a uniform
population of neoplastic centrocytes and centroblasts.
Hematoxylin and Eosin stain, original magnification ×400

582 D. Rao and J. Said



tumors, as these seem to create a distinct
microenvironment that seems to influence prog-
nosis in distinct ways [47].

30.3 Myeloid Neoplasms

Bone marrow stem and progenitor populations
are thought to be the cell of origin in neoplasms
of the myeloid lineage [48, 49]. It is useful to
think of the myeloid neoplasms in terms of two
properties of these progenitor cells, namely, their
proliferative capacity and their ability to differ-
entiate. The three major subtypes of myeloid
neoplasms we will consider in this discussion are
acute myelogenous leukemia (AML), myelopro-
liferative neoplasms (MPN), and myelodysplastic
syndromes (MDS). In AML, myeloid differenti-
ation is arrested and the progenitor cells (such as
the myeloblast or promyelocyte) have a prolif-
erative advantage. The clonal proliferation of
blastic cells expands to fill the bone marrow and
spills into the peripheral blood. Typically,
patients are anemic and thrombocytopenic, and
depending on whether the blasts exit the bone
marrow or not, the peripheral white blood cell
count may be increased or decreased. In contrast,
myeloproliferative disorders have acquired a
proliferative advantage in the stem cells or the
committed progenitors, but without a block in

differentiation, resulting in increased hemato-
poiesis with higher than normal numbers of
mature cells in the bone marrow or peripheral
blood. The myelodysplastic syndromes are
characterized by decreased differentiation or
decreased overall hematopoiesis. This results
when the stem cells are absent or abnormal and
cannot differentiate into progenitor cells for
neutrophils and erythrocytes, but do not neces-
sarily have a major proliferative advantage. The
clinical presentation is usually as a bone marrow
failure syndrome, characterized by anemia,
thrombocytopenia, and low white cell count.

30.3.1 Acute Myeloid Leukemia

In AML, the normal heterogeneous population of
maturing hematopoietic progenitor cells within the
bonemarrow is replacedby a uniformpopulation of
blast cells. Blasts are primitive cells characterized
morphologically by high nuclear-to-cytoplasmic
ratio and immature nuclei with prominent nucleoli.
They may contain primary granules which can
contain abnormal rod-like structures called Auer
rods (Fig. 30.12). In contrast to leukemic blasts,
normal hematopoietic stem cells are rare and only
weakly proliferative, giving rise to committed
progenitor cells which are much more proliferative
and committed along different lineages. Some

Fig. 30.12 Acute myelogenous leukemia. Left hand
panel The peripheral blood shows numerous blasts with
prominent nucleoli and immature chromatin. The cyto-
plasm includes the presence of a few sparse granules and

a central cell with an Auer rod. Giemsa stain, original
magnification ×1000. The right hand panel shows a tissue
section with sheets of blast cells. Hematoxylin and eosin
stain, original magnification, ×400
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studies implicate these committed progenitor cell as
the cell of origin for much AML [50].

Hematopoietic development has been studied
mostly in mice, and carefully performed studies
have revealed that different transcription factors
can govern the fate of committed progenitor cells.
For example, B-cell differentiation requires the
transcription factor PAX5 and its experimental
deletion in transgenic mice leads to an accumu-
lation of immature B-lineage cells [51]. Similarly,
there are transcription factors that govern the
proliferation and differentiation of precursors in
the myeloid lineage and that are associated with
specific diseases. Genetic mutations of these
factors usually result in a loss-of-function which
may block differentiation. Mutations can arise
from chromosomal translocations, and lead to the
formation of aberrant fusion proteins, a fairly
common event in AML. For example, in a sub-
type of AML known as acute promyelocytic
leukemia (APL) (Fig. 30.13), there is a balanced
translocation between chromosome 15 and chro-
mosome 17 involving the PML gene and the
retinoic acid receptor gene (RARA) [52, 53]. The
resulting fusion oncogene, PML-RAR-α[alpha],
is an oncogene which produces a protein that does
not normally exist in nature, and is expressed in
the neoplastic myeloid precursor cells. In addition
to translocations, other genetic abnormalities

common in leukemia include an increase in copy
numbers, single-base pair substitutions, deletions,
and insertions among others [54, 55].

Once the genetic alteration has been identi-
fied, it becomes possible to develop therapies that
specifically target the aberrant cells. In the case
of APL, the PML-RARα[alpha] fusion oncogene
produces a protein that disrupts the normal role
of the retinoic acid receptor, which in turn causes
mis-expression of various target genes that
mediate differentiation in the myeloid lineage.
Remarkably, by utilizing supra-physiologic
levels of all-trans retinoic acid (ATRA), the
mutant transcriptional complex can be de-
repressed, allowing terminal differentiation of
the APL cells [56]. Presumably, ATRA binds to
the fusion protein inside the cells, and blocks its
function. In this way, the description and char-
acterization of the molecular lesions involved in
a particular disease have allowed for the devel-
opment of a targeted therapy.

In addition to this fairly well-characterized
fusion gene product, there are also several other
fusion proteins that are commonly encountered
in AML, many of which target genes that are
important in the differentiation or proliferation of
myeloid progenitor cells. In addition, recent
high-throughput genetic studies have revealed
deletions and point mutations that appear to be

Fig. 30.13 Acute promyelocytic leukemia. The left hand
panel shows peripheral blood with blasts that demonstrate
hypergranular cytoplasm and Auer rods. Giemsa stain,
original magnification ×1000. The right hand panel

shows a tissue section with sheets of immature cells, with
indented nuclei and abundant amounts of cytoplasm.
Hematoxylin and eosin stain, original magnification,
×400
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important in the pathogenesis of this disease.
Many of these genes are involved in the tran-
scriptional regulation of myeloid development,
as are the genes involved in some of the most
common translocations (Table 30.3) [55]. Evi-
dence from experimental models of leukemoge-
nesis points out that many of these genes are not
sufficient to cause the full-blown cancer pheno-
type, but can cause leukemia in conjunction with
other genes (Table 30.4) [57]. Hence, it will be
important in the future to consider the combina-
tions of mutations and/or translocations that
occur in a given patient, in order to guide therapy
[58]. Indeed, targeted inhibition of particular
mutations have led to preliminary results that are
impressive and may in the future lead to more
effective therapies for acute myeloid leukemia.

30.3.2 Myeloproliferative
Neoplasms

The MPNs have been an area of rapid progress in
molecular pathogenesis and therapy. The prime
example in this category is chronic myelogenous
leukemia (CML), a chronic form of leukemia in
which understanding of genetic abnormalities have
led to striking new therapies and improved out-
come. In this MPN, a mutation occurs in a
hematopoietic stemor progenitor cell, and there is a
strong proliferative advantage in the neoplastic
clone. Unlike AML, differentiation continues to
progress and the myeloid lineage produces mature
forms (Fig. 30.14). CML is characterized by a
translocation between chromosome 9 and chro-
mosome 22 resulting in the so-called Philadelphia
chromosome, the t(9;22) balanced translocation
[59, 60]. This produces a fusion gene encoding a
constitutively active tyrosine kinase, BCR-ABL,
which leads to increased cell proliferation [61]. The
normal function of the ABL tyrosine kinase is to
promote cell proliferation, but the kinase activity is
tightly regulated by various signals, including

extracellular growth factors. Cells that have this
mutant fusion protein are capable of growth
factor-independent proliferation and survival. To
counter this autonomous cell proliferation, specific
tyrosine kinase inhibitors were developed and
tested. Gleevec (Imatinib) emerged as a highly
successful single-agent targeted therapeutic,
blocking signaling downstream of the constitu-
tively activated kinase [62]. Remarkably, Imatinib
can also target translocations involving the platelet
derived growth factor receptor (PDGFR-α[alpha])
and PDGFRβ[beta], which can cause a different
myeloproliferative neoplasm (Table 30.3).

Similar pathogenetic mechanisms are operant
in other MPN, including polycythemia vera
(PV), in which there is excess production of red
blood cells. Erythropoietin (EPO) normally binds
to erythroid precursors where it helps drive pro-
liferation and increased survival of red cell pre-
cursors. Signaling through the EPO receptor is
mediated mainly by JAK2, which is a member of
a group of tyrosine kinases, collectively referred
to as the Janus kinases [63]. In patients with PV,
there is an activating mutation within JAK2
which causes unregulated red cell production
[64]. Unlike CML, these mutations that confer
constitutive tyrosine kinase activity are point
mutations rather than chromosomal transloca-
tions. Interestingly, JAK2 mutations have also
been described in other MPNs, and various
mutants have been identified, all conferring the
same constitutive tyrosine kinase activity. Clini-
cal trials are ongoing to develop an effective
JAK2 inhibitor for use in PV and other myelo-
proliferative neoplasms. More recently, point
mutations in additional genes important for
myeloid cell development and/or signaling have
also been described, for example, MPL and
CALR [65, 66]. Hence, aberrant and increased
signaling, predominantly through the normally
tightly regulated tyrosine kinases, is a major
mechanism in the pathogenesis of myeloprolif-
erative disorders.
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30.3.3 Myelodysplastic Syndromes

The MDS are a group of myeloid neoplasms that
are characterized by failure of bone marrow cells
to produce differentiated, functional cells of the
peripheral blood. Nonetheless, the early clonally
mutated progenitor cells that cause MDS have
enough of a proliferative advantage to effectively

crowd out normal progenitor cells. Basically,
deranged differentiation leads to apoptosis of
bone marrow progenitors at some downstream
point in their differentiation, resulting in inef-
fective hematopoiesis. These are predominantly
indolent diseases, and develop mainly in elderly
individuals who present with low numbers of
circulating red blood cells, platelets, and/or white

Table 30.3 List of disease defining molecular pathologic abnormalities in myeloid diseases

Malignancy Type Characteristic
mutation

Pathogenetic Mechanism Targeted therapy

Chronic
myelogenous
leukemia

Translocation t(9;22) BCR-ABL Constitutively activated
tyrosine kinase

Imantinib, other
Tyrosine kinase
inhibitors

Myeloproliferative
neoplasms

Point
mutations

JAK2 V617F, exon
12
MPL W515
CALR

Constitutively activated
tyrosine kinase

JAK2 inhibitor
ruxolitinib, others
under investigation

Myeloid neoplasms
with eosinophilia

Translocation Rearrangement of
PDGFRA,
PDGFRB, FGFR1

Constitutively activated
tyrosine kinase

Imantinib, other
tyrosine kinase
inhibitors

Juvenile
myelomonocytic
leukemia

Point
mutation

NF1 mutations Loss of function of a tumor
suppressor gene

Under investigation

Myelodysplastic
syndrome with
isolated del (5q)

Deletion Del (5q31–33)
RPS14,
miR-145/146a

Loss of multiple tumor
suppressor genes

Under investigation

Acute myeloid
leukemia

Translocations t(8;21);
RUNX1-RUNX1T1

Transcriptional dysregulation
of core-binding factor
activity

Under investigation

Inv (16);
CBFB-MYH11

Transcriptional dysregulation
of core-binding factor
activity

Under investigation

t(15;17);
PML-RARA

Arrest of differentiation All-trans retinoic acid
(ATRA)

t(9;11);
MLLT3-MLL

Dysregulated histone
methylase activity

Under investigation

Internal
tandem
duplication

FLT3 Constitutive tyrosine kinase
activity

Under investigation;
FLT3 inhibitors

Point
mutations

NPM1 Loss-of-function of a
multifunctional nucleolar
protein

Under investigation

CEBPA Transcription factor; biallelic
mutation defines
clinicopathologic entity

Under investigation

Note the preponderance of tyrosine kinase mutations in chronic myeloproliferative disorders and transcriptional
dysregulation in acute myeloid leukemia. A more complete description of point mutations in AML is provided in
Table 30.4
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Fig. 30.14 The left hand panel shows peripheral blood
with chronic myelogenous leukemia. There are increased
neutrophils including hypersegmented forms and baso-
phils. Blast cells are not increased. Giemsa stain, original
magnification ×1000. The right hand panel shows a tissue

section with sheets of myeloid cells, showing a range of
maturation. There are cells with round nuclei, as well as
band forms and segmented forms. Hematoxylin and eosin
stain, original magnification, ×200

Table 30.4 Sequence level mutations in acute myeloid leukemia

Mutated
gene

Function Frequency
(%)

Clinical comments

NPM1 Multifunctional nucleolar
proteins

25–35 Associated with translocations; overall favorable
outcome

CEBPA Transcription factor 6–10 Favorable outcome; associated with
cytogenetically normal AML

RUNX1 Transcription factor 5–15 Associated with secondary AML arising from
MDS

FLT3-ITD Cell Surface receptor, tyrosine
kinase

20 Unfavorable outcome, frequent in cytogenetically
normal AML

KIT Cell surface receptor, tyrosine
kinase

<5 Tyrosine kinase inhibitors in development,
associated with poor prognosis in certain
cytogenetic subtypes

NRAS Small GTPase 15 May be predictive of response to cytarabine

DNMT3A DNA methyltransferase 18–22 Early event in leukemogenesis; Associated with
clonal hematopoiesis in elderly persons [57]

ASXL1 Putative polycomb group
protein

5–17 Early event in leukemogenesis; associated with
AML evolving from MDS and seen in clonal
hematopoiesis

IDH1 and
IDH2

Isocitrate dehydrogenases 7–14; 8–19 Common in cytogenetically normal AML;
inhibitors in clinical development; BCL2
inhibition may be effective in these patients

TET2 DNA methyltransferase 7–25 Early event in leukemogenesis, associated with
clonal hematopoiesis in elderly persons [57]

KMT2A-
PTD

Also known as MLL
(epigenetic regulator); partial
tandem duplication

5 Associated with cytogenetically normal AML

TP53 Tumor suppressor protein 8 Associated with very poor outcome

Many of these are of uncertain clinical significance and have been revealed by high-throughput techniques. Please see
Ref. [58] for an excellent review of acute myeloid leukemia
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blood cells. Because the progenitor cells have a
clonal advantage, there is a risk of developing
AML in certain subtypes of MDS, presumably as
the progenitor cells accumulate additional
mutations.

MDS are a heterogeneous group of conditions,
many of which have specific genetic associations.
Thus far, chromosomal abnormalities, most often
deletions, have been associated with MDS. One
of the most common deletions involves loss of the
short arm of chromosome 5 known as 5q-
syndrome or MDS with isolated del (5q). Fea-
tures of myelodysplasia include hypogranular and
bilobed neutrophils (pseudo Pelger-Huët cells)
and hypolobated small megakaryocytes. Several
genes located on 5q seem to be important in
regulating the differentiation and proliferation of
myeloid progenitors. Candidate genes that are
under investigation include protein coding genes
such as RPS14 and novel genetic elements such
as the microRNA miR-145 and miR-146a [67,
68]. In addition, some studies point toward acti-
vation of the NFκ[kappa]B as being a possible
pathogenetic mechanism in MDS. These mecha-
nisms require further study, but promise to bring
forward new therapeutics in this disease.

Recent high-throughput sequencing studies of
MDS have identified recurrent point mutations in
approximately 20 genes in many cases of MDS.
These genes include many different functional
categories of genes, but a panel of these genes may
serve as an important adjunct to diagnosis. Some
of the genes that have been found include those
coding for transcription factors (TP53 or ETV6),
epigenetic regulators involved in the methylation
(DNMT3A) or hydroxymethylation (TET2, IDH1,
IDH2) of cytosines, or in covalentmodifications of
histones (EZH2,UTX, ASXL1) (reviewed in [69]).
These mutations would all be predicted to cause
abnormal changes in gene expression via various
direct and indirect mechanisms. In addition, a
recent set of studies have found that genes that
encode components of the mRNA splicing
machinery (i.e., a complex of RNA and protein
that mediates the processing of messenger RNA)
[70]. In a large proportion of MDS cases, muta-
tions predicted to lead to gain-or-loss-of-function
have been identified in genes, such as SF3B1,

U2AF1, and SRSF2. Downstream, thesemutations
would be predicted to cause changes in the overall
splicing of mRNA, and therefore aberrant patterns
of gene expression. Hence, there are many path-
ways affected in this diverse disease, but many of
the identified mutations lead to gene expression
dysregulation and abnormalmyeloid development
(summarized in Table 30.3). It should be noted
that there is a great deal of overlap between the
mutations found in these different types ofmyeloid
disorders, highlighting relationships in the cellular
ontogeny. From a clinical standpoint, fully rec-
ognizing, and utilizing the potential of these
markers for diagnosis, prognosis, and treatment of
myeloid malignancies has begun but requires
additional work [71].

30.4 Summary

In this brief discussion, we have highlighted the
cell of origin, pathologic features, and most sig-
nificant molecular changes in the pathogenesis of
this diverse group of malignancies. In addition,
specific molecular alterations have been detected,
showing promise for specific therapeutic inter-
ventions either affecting the malignant cells or
tumor microenvironment. These new develop-
ments are bound to change our understanding of
these diseases, leading to reclassification and
refinement of therapeutics in both myeloid and
lymphoid malignancies.
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31Epidemiology of Melanoma

Sameer Gupta and Hensin Tsao

31.1 Clinical Picture
of the Disease

31.1.1 Introduction

Melanocytes specialize in the synthesis of melanin,
a pigmented polymer that protects against envi-
ronmental genotoxicity by absorbing UV light and
serving as a free-radical scavenger [1]. Melano-
cytes are found in highest numbers in the epider-
mis and hair follicles, with a cutaneous density
ranging from 550 to 1200 cells/mm2 [2], but are
also found in the inner ear, eye, brain, and heart,
among other locations [3–7]. Melanomas arise in
any anatomic location containing melanocytes, but
cutaneous melanoma is the most common site of
origin and is the focus of this chapter. Ocular and
mucosal melanomas are, however, briefly dis-
cussed at the end of this section.

31.1.2 Signs and Symptoms

Cutaneous melanoma lesions may itch, bleed,
and be tender [8]. However, early lesions are
often asymptomatic but have distinctive physical
features codified by the ABCDE acronym [9]:

• A is for Asymmetry: Melanomas typically
grow at variable rates throughout the lesion,
resulting in asymmetry.

• B is for Border: The aforementioned variable
growth rate results in irregular borders.

• C is for Color: Melanomas typically contain
hues of tan, brown, black, red, and white
while benign lesions typically have a uniform
color.

• D is for Diameter: Malignant melanomas will
typically have a diameter of at least 6 mm.

• E is for Evolution and Elevation: Melanomas
can change over time, particularly in regard to
symptoms, pigmentation, shape, and size.
In addition, melanoma lesions will often have

more distorted and atypical features that distinguish
it from surrounding banal nevi—a clue for malig-
nancy that has been termed “the ugly duckling sign.”

31.1.3 Diagnosis

Early diagnosis is critical in the management of
melanoma (see Fig. 31.1). A skin exam with
close attention to the features described in the
ABCDE criteria is important. The ABCDE cri-
teria have proven to be clinically useful with high
inter-rater reliability. However, a reasonable
number of melanomas will not fulfill any of the
ABCDE criteria (small amelanotic nodular mel-
anomas for instance), and many irregular lesions
that fulfill ABCDE ultimately prove not to be
melanoma but rather dysplastic nevi. When a
lesion concerns melanoma, the gold standard
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method of diagnosis is biopsy and histopatho-
logical examination (see the Pathology Chapter).

Light-based visual technologies were devel-
oped in the 1990s to help with the visualization
of the skin. Dermoscopy (also called der-
matoscopy) uses a hand-held, magnifier (typi-
cally 10×) with polarized light as a non-invasive
method to better examine pigmented lesions.
Contact dermoscopy (or epiluminescence) uses a
thin layer of oil or alcohol to reduce light
reflectance while newer, non-contact dermato-
scopes use polarizing light filters to achieve a
similar effect. With the removal of this obscuring
visual “noise,” it becomes possible to appreciate
skin structures that would otherwise be unap-
preciated by the eye alone [10]. Pattern recog-
nition across a number of variables and a general
overall impression of a lesion, rather than a strict
set of guidelines for required characteristics, is
the most widely used method and has proven to
be useful in the detection of melanoma.

Several novel techniques are being developed
to help in the early diagnosis of melanoma,
including digitized dermoscopy, laser-based
imaging methods, ultrasound techniques, and
lesion electrical conductance measurement [9].
One preliminary molecular method involves
extracting mRNA from superficial epidermal
cells removed by applying an adhesive tape over
the lesion. mRNA is isolated from these cells to
perform gene expression profiling to identify
specific molecular alterations [11].

Wachsman and colleagues used this
tape-stripping method to compare gene expression
levels between melanoma and benign nevi, iden-
tifying 17 genes that might be used to detect
malignancy. They evaluated this 17-gene classifier
on a test dataset of 39 melanomas and 89 nevi,
resulting in 100 % sensitivity and 88 % speci-
ficity. The majority of the genes are involved with
cell death and cellular development [11].

31.1.4 Clinical Subtypes
of Melanoma

Melanoma is a heterogeneous cancer, manifest-
ing in a range of clinical subtypes. This hetero-
geneity has been classically captured by four
subtypes characterized by morphological aspects
of the radial growth phase and body site of the
primary tumor: superficial spreading melanoma
(SSM), lentigo maligna melanoma (LMM),
nodular melanoma (NM), and acral lentiginous
melanoma (ALM). The clinical characteristics
and epidemiology of these four subtypes are
described below.

SSM is the most common subtype, responsi-
ble for 50–80 % of all melanomas [12, 13]. This
subtype often arises from a preexisting collection
of benign melanocytes called nevi, slowly
evolving into a malignancy over months to years.
SSM typically have irregular borders and pig-
mentation, containing hues of brown, black, red,

Fig. 31.1 Clinical flowchart for melanoma management. This diagram is simplified from the 2014 National
Comprehensive Cancer Network Clinical Practice Guidelines [24]
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and white [14]. NM is the second most common
subtype of melanoma, accounting for 20–30 %
of all melanomas [12, 13]. These lesions are
found most commonly on the trunk and may not
be associated with preexisting nevi. In contrast to
SSM, NM rapidly develops over weeks to
months. NM tends to be raised on palpation and
can appear dark blue-to-black, but may also
appear amelanotic. Notably, analysis from SEER
data from 1978 to 2007 found that SSM
accounted for 66 % of incident melanomas and
46 % of fatal melanomas, NM accounted for
14 % of all melanomas and 37 % of melanoma
deaths. Thus, despite accounting for fewer mel-
anomas in total, NM accounts for a similar pro-
portion of mortality as SSM. These findings are
concordant with the observation that tumor
thickness is an important prognostic factor in
melanoma [13].

LMM is the third most common melanoma,
accounting for 10–15 % of melanomas [12, 15].
LMM typically occurs in the elderly on chroni-
cally sun-damaged skin such as the head, neck,
and forearms. Clinically, LMM presents as a flat,
brown tumor and may typically appear with
irregular borders. LMM differs from NM and
SSM in that it typically does not have a nevus
precursor, occurs more frequently in older indi-
viduals, and has a longer prolonged period of
intra-epidermal growth as compared with SSM
[14]. In regards to trends over time, SEER
analysis revealed that LM is the most prevalent
in situ subtype (79–83 %) and that incidence of
LMM is increasing at a higher rate than other
subtypes, especially in older men [15].

Finally, ALM is the least common subtype of
melanomas, but drastically differs in prevalence
among ethnicities [16]. This subtype accounts for
the majority of melanomas among individuals with
darker pigment, representing the majority of mel-
anomas in African Americans and Asian popula-
tions [17–20]. In Caucasian populations, ALM
only represents approximately 5 % of melanomas
[16]. ALM is most commonly found on hairless
areas of the body, including the soles, palms, and
subungual regions. ALM typically appears as a flat
lesion that develops irregular borders but can
present with variable pigmentation and nail plate

destruction. Subungual ALM typically arises from
the nail matrix on the great toe or thumb and
develops into a longitudinal black band. Notably,
ALM appears to have a greater frequency of
focused gene amplifications as compared to other
subtypes, such as SSM [21].

31.1.5 Staging

When melanoma is confirmed by histopathology,
staging of disease is important for treatment deci-
sions and prognosis estimation. The American
Joint Committee on Cancer (AJCC) has developed
a tumor-node-metastasis (TNM) based clinical and
histologic scheme that incorporates important
prognostic indicators such as metastases, tumor
thickness, ulceration, and mitotic activity [22]. The
details of this staging scheme will be discussed in
greater length in Sect. 31.4. Clinically, macroscopic
metastasis can often be detected by physical exam,
looking for palpable lymph or dermal/subcutaneous
nodules around the area of the primary lesion. If a
nodule concerning macroscopic metastasis is
appreciated, fine needle aspiration or biopsy of the
nodule is indicated. Subclinical, microscopic
metastases can only be identified by lymph node
biopsy.

In aggregated, localized melanoma (Stage I or
II) is associated with 5-year survival rates of >90 %
and 80 % respectively [23]; however, many fea-
tures such as ulceration and lymphovascular inva-
sion may reduce the survival rate. In contrast,
survival decreases to 30–50 % with localized
lymph node metastases (Stage III) disease. Distant
metastatic disease (Stage IV) has historically been
linked to a median survival of 8–9 months and a
15 % 3-year survival rate [22]. However, this sur-
vival data, reported in the most recent AJCC
guidelines in 2009, predates much of the recent
exciting advances in melanoma treatment.

31.1.6 Treatment

31.1.6.1 Surgery
Wide surgical excision is the main treatment for
primary cutaneous melanoma, with the goal of
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directly resecting all malignant cells from the pri-
mary site. The National Comprehensive Cancer
Network (NCCN) Clinical Practice Recommenda-
tions vary regarding the extent of clean surgical
margins required for melanoma based on tumor
depth: melanoma in situ and primary melanomas of
depth ≤1.0, 1.01–2, 2.01–4, and >4 mm are rec-
ommended to be excised with clean margins of
0.5–1, 1, 1–2, 2, and 2 cm, respectively [24]. In the
presence of regional metastasis, complete lymph
node dissection is recommended of the surrounding
regional lymph node basin. Interferon-α [alpha] 2b
(both pegylated and non-pegylated) and ipili-
mumab have been approved by the US Food and
Drug Administration (FDA) for adjuvant treatment
in the setting of Stage III disease.

31.1.6.2 Systemic Therapy
Cytotoxic chemotherapy was the mainstay of
treatment for metastatic melanoma for over three
decades, but treatment options are fast evolving
with the development of novel agents propelled
by the revolution in our molecular understanding
of melanoma and immunology (see Fig. 31.2).

31.1.6.3 Chemotherapy
Alkylating agents, platinum analogs, and micro-
tubular toxins have all been used to treat mela-
noma [25]. However, dacarbazine, an alkylating

agent, is the only FDA-approved chemothera-
peutic agent for metastatic melanoma, with a
demonstrated 10–20 % response rate that has
limited durability [25, 26]. In addition to
monotherapy, combinations of multiple
chemotherapeutic agents have also been tested.
These combined regimens have yielded very
modest response rates that are typically less than
20 % in first and second line settings [24].

31.1.6.4 Immune Therapy
Several clinical observations suggest that mela-
noma is an immunogenic tumor. Melanoma has
been transmitted from immunocompetent organ
donors to immunosuppressed organ recipients [27–
30]. Spontaneous regression of melanoma lesions
has been observed, and approximately 3 % of all
melanomas present with metastatic disease without
a known primary lesion, which may be due to
regression of the primary lesion from immuno-
surveillance [31, 32]. In addition, the presence of
tumor-infiltrating lymphocytes in lesions may be
associated with longer survival [32, 33].

Before 2011, immunotherapy was limited to
cytokine-based treatment with IFN-α[alpha] in
the adjuvant setting and high-dose interleukin-2
(IL-2) in Stage IV disease. Interferon’s mecha-
nism of action as an adjuvant therapy remains
unclear as it is an immunomodulatory and
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anti-angiogenic cytokine that can promote mel-
anocyte apoptosis [36–39]. Moreover, its use
remains controversial given that it has been
demonstrated to improve disease free survival
but not overall survival, while having a severe
side-effect profile including neuropsychiatric,
constitutional, and hepatic toxicity [34, 35].
Studies have not demonstrated consistent sur-
vival benefit [36, 37]. IL-2, a T cell growth
factor, was subsequently developed and
approved to treat patients with metastatic mela-
noma, with clinical trials demonstrating a modest
but durable 16 % response rate [38, 39].

Since 2011, monoclonal antibody targeting of
immune activating checkpoint blockade has
emerged as a field-changing addition to our thera-
peutic armamentarium. Immunosurveillance begins
with T cell recognition of malignancy-generated,
intracellular peptides that are presented in the
context of MHC-I molecules on the surface of
tumor and other antigen presenting cells. This
interaction is facilitated by receptor-specific, T cell
binding of B7 on antigen presenting cells. CD28
and CTLA-4 receptors on the T cell surface com-
pete to bind to B7, either resulting in a T cell
stimulatory or inhibitory signal, respectively. Thus,
CTLA-4 serves as a “brake,” regulating the
amplitude of early T cell activation [40, 41]. In
2011 and 2015, the FDA approved the first mon-
oclonal antibody to CTLA-4, ipilimumab, for use
in Stage IV and Stage III melanoma, respectively.
Ipilimumab removes this brake and results in a
more immune-activated state. Another relevant
immune checkpoint is the inhibitory receptor pro-
grammed cell death receptor-1 (PD-1) on activated
T cells. This inhibitory receptor, when bound to
tumor associated PD-L1, downregulates the
immune response [40]. The FDA approved two
monoclonal antibodies targeting PD-1, pem-
brolizumab and nivolumab, in 2014.

31.1.6.5 Targeted Therapy
Therapies that target a specific mutated protein
implicated in melanomagenesis have become an
important addition to our therapeutic arsenal. In
2002, it was discovered that 50 % of all melano-
mas carry a mutated protein kinase B-raf (BRAF),
which constitutively activates the pro-proliferative

mitogen-activated protein kinase (MAPK) pathway
[42]. 75 % of BRAF mutations are the result of a
valine to glutamate substitution at the 600th amino
acid (V600E)[43]. Given the proportion of tumors
bearing this mutation and the mutation’s oncogenic
potential, researchers began to search for an inhi-
bitor. Sorafenib, an early BRAF inhibitor, proved
to be a poor treatment for melanoma given an
intolerable side-effect profile due to inhibition of
wild type BRAF and other off-target effects [44]. In
contrast, V600E-specific BRAF inhibitors—in-
cluding vemurafenib and dabrafenib—have been
developed with stunning results. In the phase III
study, vemurafenib yielded a 48 % response rate
and an overall survival advantage among metastatic
melanoma, as compared with dacarbazine [45].

Despite these triumphs, the greatest obstacle
for targeted therapy has been the rapid develop-
ment of drug resistance after months of treat-
ment. Approximately 50 % of patients treated
with BRAF inhibitors demonstrate progression
of disease after several months [46, 47]. Geno-
mic profiling of tumors have helped identify
pathways to resistance, including mutations in
the downstream kinase, mitogen/extracellular
signal-regulated kinase (MEK), that results in
recovery of MAPK [48]. Other pathways to
resistance that have been identified include
mutational activation of NRAS, emergence of
alternative BRAF splice products resistant to
treatment, and BRAF amplification [49].

Combination therapy with BRAF inhibitors and
an inhibitor of MEK has been tested with
promising results. For instance, the combination of
dabrafenib with trametinib, a MEK inhibitor,
yields higher response rate and longer progression-
free survival as compared to the BRAF inhibitor
alone [50]. Studies exploring different combina-
tions are currently underway and will hopefully
yield higher, durable response rates.

31.1.7 Prognosis

Beyond the prognostic information that staging
provides, several studies have searched for
molecular signatures that may be predictive of
clinic course. Whole-genome expression profiling
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has been conducted in both local and aggressive
melanomas to find genes that might predict mela-
noma progression. An early study identified 254
genes that were associated with progression [51].
Another study using RNA profiling of primary
tumor samples demonstrated that high-grade
tumors had increased expression of proliferation
and DNA damage signaling genes, while
low-grade melanomas had increased expression of
immune genes [49, 52]. Another study found a
nine gene-signature predicted overall survival and
distant metastasis-free patient survival that was
independent of AJCC staging. Many of these
genes coded for stromal-related proteins, suggest-
ing an important interaction between the malig-
nancy and its surrounding micro-environment in
predicting prognosis [53].

31.1.8 Other Melanoma Types

While the focus of the chapter is on cutaneous
melanoma, we will briefly discuss two other
forms of melanoma, ocular and mucosal, to
present a comprehensive overview of melanoma.

31.1.8.1 Ocular Melanoma
Ocular melanoma is the most common intraoc-
ular cancer and the second most common mela-
noma after cutaneous melanoma, accounting for
3.7 % of all melanoma cases [54]. In the United
States, incidence of ocular melanoma is six per a
million [54]. Ocular melanoma rates are 8–10
times higher in Whites as compared to Blacks,
but it should be noted that the difference is less
pronounced when compared to cutaneous mela-
noma, in which 16 times higher rates among
Caucasians are noted [54]. These melanomas
arise from melanocytes positioned in the con-
junctival membrane and the uveal tract of the eye
[55]. However, the uvea is the most common site
of origin of primary ocular melanomas, repre-
senting over 80 % of all ocular melanomas [54].

While melanoma can arise anywhere along
the uveal tract, choroidal melanoma accounts for
the majority of uveal melanomas, representing
over 80 % of cases [54]. The clinical presenta-
tion of uveal melanoma depends primarily on the

size and location, ranging from asymptomatic to
complete vision loss in the affected eye. The
most frequently reported symptoms include
blurred vision, visual field defects, and irritation
[55]. Diagnosis is frequently made by ophthalmic
examination, ranging from slit lamp biomi-
croscopy and indirect ophthalmoscopy to ancil-
lary testing such as ultrasonography [55].
Management of tumors varies between careful
observation to orbital exenteration, depending on
the size and location. Most individuals will
obtain radiotherapy or enucleation. Regarding
prognosis, less than 4 % of patients with uveal
melanoma have detectable metastatic disease, but
over half will develop metastatic disease due to
the lack of effective systemic treatments [56].
Size of tumors is one of the most important
prognostic factors for uveal melanoma. Risk of
metastasis appears to increase with each mil-
limeter increase in tumor thickness [57].

Similar to cutaneous melanoma, much has
been learned about the molecular etiology of
ocular melanoma. Among uveal melanomas,
80 % carry activating mutations in either GNAQ
or GNA11. These genes encode for the
GTP-binding protein α [alpha]—subunits that
link G-protein-coupled receptor signaling to the
MAPK pathway, resulting in constitutive acti-
vation of the MAPK pathway [58, 59]. In addi-
tion, inactivating mutations in BAP1 (BRCA1
associated protein-1), a deubquitinating enzyme,
has been linked to a subgroup of uveal melano-
mas that are most likely to metastasize [60].

31.1.8.2 Mucosal Melanoma
Mucosal melanomas are relatively rare, repre-
senting only 1 % of all melanomas [54]. In the
United States, there are approximately 2.2
mucosal melanoma cases per million per year
[54]. Primary mucosal melanomas may arise
from melanocytes lining the respiratory, gas-
trointestinal, or urogenital tracts [61]. Mucosal
melanomas in the respiratory tract are most fre-
quently found in the nasal cavity and paranasal
sinuses, and the most common symptoms include
nasal obstruction and epistaxis, with patients first
exhibiting epistaxis before exhibiting obstructive
symptoms [62]. In contrast, mucosal melanomas
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arising from the gastrointestinal tract occur most
frequently in the anorectal and oropharyngeal
regions, and the most common symptoms
include bleeding, pain, and discomfort [63].
Finally, mucosal melanomas of the urogenital
tract are more common in females, and occur
most frequently on the vulva and vaginal canal,
with common presenting symptoms of vaginal
bleeding and discharge [54]. In general, mucosal
melanomas are typically discovered after
work-up of presenting symptoms and are more
advanced in nature than cutaneous melanomas
given their hidden locations.

Mucosal melanomas differ from cutaneous
and ocular melanomas in several notable ways.
Unlike other subtypes of melanoma, there is a
female predominance as compared to men (2.8
vs. 1.5 per million per year), which is related to
the higher rates of genital tract melanomas found
in women [54]. In addition, sun radiation is an
important risk factor for cutaneous and uveal
melanomas (see Sect. 31.3 for discussion), but is
not thought to contribute risk for mucosal mela-
noma, given the shielded nature of the sites.
Prognostically, primary mucosal melanomas are
much more aggressive, with one study finding
that the 5-year survival rates for cutaneous,
ocular, and mucosal melanomas were 80.8, 74.6,
and 25 %, respectively [61]. Finally, the

molecular etiology of mucosal melanoma
appears to be different than either cutaneous and
ocular melanomas. Mucosal melanomas often
harbor KIT (receptor tyrosine kinase) amplifica-
tions or mutations. KIT-inhibitors, such as ima-
tinib and sunitinib, have been trialed with some
limited response [64, 65]. Given the rarity of
mucosal melanoma and that only a subset carry
KIT aberrations, no large clinical trials have been
possible [62]. Like cutaneous melanoma, surgery
is the primary treatment with potential roles for
chemotherapy and immunotherapy [62].

31.2 Descriptive Epidemiology

31.2.1 Geographic Trends

According to World Health Organization, there
were over 230,000 new cases of melanoma and
over 55,000 melanoma-related deaths worldwide
in 2012 [66]. Notably, the burden is not constant
across populations; geographic heterogeneity in
melanoma incidence is a striking feature of this
malignancy. Australia and New Zealand report
the highest reported incidence rates with
approximately 50 cases per 100,000 individuals
per year [67–69]. In the United States, rates are
approximately 20 cases per 100,000 per year,

Melanoma Incidence per 100,000
0 2.4 7 12.4 18 23 32.1 55.4

Fig. 31.3 Global crude melanoma incidence rates. Data presented here was downloaded from the International
Agency for Research on Cancer [66]
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while Qatar cataloged only 0.3 cases per 100,000
per year (see Fig. 31.3) [66].

Generally, individuals living at lower latitudes
experience higher rates of melanoma than those
in higher latitudes. For instance, in Australia,
residents of Queensland (capital city Brisbane,
latitude 27°S) have higher rates of melanoma
(65:100,000 per year) than residents of Victoria
(capital city Melbourne, latitude 38°S;
36:100,000 per year) [70]. Indeed, similar lati-
tude gradients have been observed in other
regions, including the United States, New Zeal-
and, and Scandinavia [69–72]. These observa-
tions may be explained, in part, by higher rates of
ultraviolet (UV) exposure at lower latitudes, but
as discussed in Sect. 31.3, the relationship
between UV exposure and melanoma risk is not a
simple dose response. Notably, a latitude gradi-
ent is not observed in all areas; for instance, in
Europe, southern populations experience lower
rates of melanoma than populations in the north,
which is thought to be related to the protective
effects of darker pigmentation of populations in
this southern region [70, 73].

31.2.2 Trends Over Time

Melanoma is an ancient disease: skeletons in
Peru, dating over 2000 years old, have findings
consistent with metastatic melanoma bone
lesions [74]. However, at the beginning of the
twentieth century, melanoma was a relatively
uncommon cancer, with the earliest epidemio-
logical report dated in the United States to the
1930s, estimating an incidence of 1.0 per
100,000 [75, 76]. Melanoma’s incidence has
been steadily increasing in the fair-skinned pop-
ulation since the mid-1960 s and has been pro-
jected to increase for, at least, another two
decades [77–79]. The annual incidence increase
varies across populations, ranging from 3 to 7 %,
but indicates a doubling of rates approximately
every 10–20 years [80]. In the United States,
melanoma incidence rates are among the fastest
growing cancers based on Surveillance Epi-
demiology and End Results (SEER) data
(Fig. 31.4) [81]. This trend is thought to be

driven by changes in risk-modifying behavior,
including clothing, sun-seeking behavior, and
skin awareness/ screening efforts (see Sect. 31.3)
[82, 83].

Mortality rates appear to have peaked in the
late 1980s to early 1990s in Australia, the United
States, and parts of Europe (See rates in
Fig. 31.5) [84]. Some have suggested that this
dissociation between increasing incidence and
stabilizing mortality rates may be the result of
“over-diagnosis” [85, 86]. However, the distri-
bution of melanoma thickness has remained
stable and an alternative hypothesis is that the
improvement in intervention may contribute to
the observed mortality trend [87, 88].

31.2.3 Trends by Sex

In the United States, melanoma incidence is
higher in females than in males in the age group
less than 44 and is the most common cancer in
females in the age group between 15 and 24 (See
Fig. 31.6) [84, 89]. Indeed, melanoma incidence
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appears to be increasing at alarming rates in
young women. An analysis of the SEER data
suggests that the age-adjusted rate of melanoma

more than doubled from 8.1 to 17.4 per 100,000
between 1975 and 2008 among a relatively
young age group (20–49 years), while incidence
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Fig. 31.6 Age-specific incidence and death rates in the United States between 2007 and 2011. Data collected and
analyzed by SEER [81]
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among men in this age group changed more
modestly from 8.3 to 12.5 per 100,000 during the
same time interval [89, 90]. These observations are
most likely related to indoor tanning use among
the young female demographic. However, the
burden of deaths remain higher among young
males versus young females in the United States,
even after adjusting for tumor thickness and other
prognostic factors [91]. Young men accounted for
approximately 40 % of all cases but 60 % of all
melanoma deaths among young adults. Indeed,
males uniformly appear to do worse at all tumor
thickness, histological subtypes, and anatomic sites
[92]. A recent study observed that melanomas
excised from men were more likely to have greater
missense mutation burden than tumors from
women, even after adjusting for important con-
founders such as age, stage, and site of primary
tumor [93]. This observation supports the possi-
bility of a biological mechanism underpinning the
epidemiological sex discrepancy in melanoma
outcome, which remains to be elucidated. One
possibility is that sex differences in immunity may
lead to more effective cancer surveillance and
tumor clearance in women [93].

31.2.4 Patterns by Anatomic Site

The odds of developing melanoma by a specific
anatomic site vary by sex. In general, women
have an increased proportion of lesions on their
legs, while males have an increased proportion of
cancers on their trunk [94–96]. These differences
are thought to be related, in part, to behaviors
that are sex-specific, such as clothing, hairstyles,
sun-seeking behavior, among others. Indeed,
epidemiological trends suggest a non-biological
component. As previously noted, melanoma
incidence has been increasing at an alarming rate
among young women. The increase in incidence
has been most pronounced on the trunk region—
a site hypothesized to be less shielded to UV
exposure due to increasing popularity for
full-body, indoor sun tanning [90].

When adjusting for anatomic surface area and
thus yielding a proportion of melanoma per a unit
of area, both sexes have highest propensity on

the face [97]. The head and neck region accounts
for 9 % of total body surface area, yet accounts
for approximately 12–20 % of all cutaneous
melanomas [98]. This increased propensity is
likely related to the fact that the head and neck
region has one of the highest densities of mela-
nocytes and also is exposed to the highest level
of UV radiation [98, 99]. Interestingly,
sex-related differences on the head and neck
location have also been noted: in a study of
patients in France, head and neck melanomas in
males were found in peripheral areas of the head
and neck (scalp, forehead, temples, ears and
neck), while these melanomas were more likely
to be found in central facial regions (nose and
cheeks) in women [98]. These gender differences
likely suggest a photo-protective effect of hair.

The distribution of melanomas by anatomic
site appears to significantly differ by age. Two
studies in different populations both found that
area-adjusted incidence of melanoma were much
higher on the trunk among young adults than on
the head and neck. The area-adjusted incidence
on the head and neck appeared to increase
rapidly in older individuals [69, 100]. This dis-
tribution is notable as it potentially suggests two
distinct pathways for melanoma development
that will be discussed more in Sect. 31.2.6.

There is some evidence that melanoma prog-
nosis may differ by anatomic site. As noted in
Sect. 31.1, melanoma prognosis and staging is
calculated using thickness of tumor, ulceration, and
nodal and distant metastases. However, individuals
with melanoma of the scalp and neck died of
melanoma almost at twice the rate of melanomas
found on the extremities, even after controlling for
age, tumor thickness, gender, and ulceration [101].

31.2.5 Patterns of Somatic
Mutations

Mutations in genes in the pro-proliferative
MAPK pathway play a significant role in
melanomagenesis. In particular, mutations in
BRAF and NRAS genes have been identified in a
majority of melanomas. Constitutively activating
BRAF mutations and NRAS mutations have
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been found in approximately 40 % and 18 % in
cutaneous melanomas, respectively [102].
Approximately 75 % of all BRAF mutations
appear to be the result of a T1799A transversion
in exon 15 of the gene, causing a valine to glu-
tamate amino acid substitution in the protein. It is
important to note that 80 % of melanocytic pre-
cancerous nevi contain BRAF mutations, sug-
gesting that these mutations may be necessary
but not sufficient to drive malignant transforma-
tion [103]. The most common NRAS mutations
occur in codon 61 and result in a glutamine to
arginine or lysine transition that results in NRAS
activation [102].

Notably, mutations in BRAF and NRAS are
thought to be mutually exclusive and do not
appear to co-exist in the same tumors, suggesting
that double-hits in both genes may not be well
tolerated. BRAF-mutated melanomas have been
associated with younger age at diagnosis, local-
ization to trunk site, and absence of chronic sun
damage. In contrast, NRAS-mutated melanomas
have been associated with thicker tumors and
occurrence on the extremities [102].

31.2.6 Implications
of Epidemiology
Trends

The observation that melanomas in non-chronically
exposed areas, such as the trunk, peak in incidence
at earlier ages than chronically sun-exposed areas,
such as the head and neck, led to the hypothesis of
“two divergent pathways” in melanomagenesis
[104]. This model hypothesizes that individuals
with low propensity for melanocyte proliferation—
i.e., those persons with low density of benign
melanocytic tumors called nevi—need chronic sun
exposure leading to melanomas on anatomic sites
with habitual exposure such as on the head and
neck. On the other hand, some patients have a high
propensity for melanocyte proliferation—i.e., those
individuals with high density of nevi—develop
melanomas on sites with intermittent sun exposure
such as on the trunk [70, 104]. Molecular studies
that subsequently demonstrated higher proportion
of BRAF mutations in truncal melanomas and

higher proportions of NRAS mutations in more
chronically exposed regions reified the notion that
different processes likely contribute to melanoma-
genesis in these respective populations. However,
differences in risk factors and causes of these
pathways are not well understood.

31.3 Risk Factors

The “divergent pathway” hypothesis incorporates
our knowledge about two risk factors, sun expo-
sure and nevi (one is environmental and the other,
in part, genetic). It is clear that melanoma develops
from a complex interaction between environmental
and host-specific factors, which are explored fur-
ther in this section. Traditional host factors, such as
pigmentation, nevi, and highly penetrant risk
genes, are discussed first, followed by
non-hereditary risk factors, including ultraviolet
(UV) radiation—the most important environmental
risk factor for melanoma—as well as evidence for
risk modulation by commonly used drugs.

31.3.1 Host Factors

31.3.1.1 Pigmentation
Fair-skinned individuals have higher rates of
melanoma. Photoprotection of the skin is based
primarily on the amount and type of melanin
produced in the skin. The melanocortin 1
receptor (MC1R) is an important regulator of
skin pigmentation, and is also the most studied
germline melanoma-susceptibility locus. MC1R
codes for a seven-transmembrane G-protein
coupled receptor that, when bound to α[alpha]-
melanocyte-stimulating hormone (MSH),
increases cAMP levels within the cell. MSH
binding ultimately regulates the type of pigment
produced, switching from the production of the
potentially mutagenic red/ yellow pheomelanin
pigment to the photo-protective brown/ black
eumelanin pigment [105].

MC1R is highly polymorphic, with over 75
allelic variants, and contributes to variation in
skin phenotypes in humans [106]. Wild type
MC1R is predominantly expressed in Africa,
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where high levels of eumelanin are important for
photoprotection. It is thought that photoprotec-
tion could not have evolved to protect against
skin cancer, given that these cancers only rarely
cause death to individuals during ages of repro-
ductive age. The evolutionary pressure that led to
the development of photoprotection is debated,
but the folate deficiency hypothesis suggests that
folate, an essential nutrient required for nucleo-
tide and hence DNA biosynthesis, is degraded by
UV light, and dark pigmentation evolved to
protect against this degradation [107].

Several MC1R variants that result in amino
acid substitutions typically decrease receptor
function, increasing the amount of pheomelanin
in the cell. These increased levels result in red
hair, pale skin, poor tanning ability, and freckles.
MC1R variants likely contribute to melanoma
risk by two mechanisms: modulating pigmentary
contribution to UV protection as well as gener-
ation of reactive oxygen species [49]. Indeed,
individuals with darker phenotypes still carry
increased risk of melanoma with MC1R muta-
tions [108]. Interestingly, some MC1R alleles
appear to be double risk of melanoma for each
allele carried by a patient, with an additive effect
observed when carrying multiple alleles. In one
meta-analysis, five MC1R alleles (D84E, R142H,
R151C, I155T, R160 W) were statistically sig-
nificantly associated with developing melanoma
and the phenotype of red hair color and fair skin
[109]. The meta-analysis also identified two
variants, R163Q (rs885479) and D294H
(rs1805009), that increased melanoma risk, but
were not associated with red hair color,

supporting the existence of a secondary pathway
leading to melanoma risk other than the
UV-protective effect of pigmentation [109]. The
allele frequency distribution of R163Q is depic-
ted in Fig. 31.7 to show that this allele is found
globally and not restricted to populations typi-
cally expressing the red hair phenotype (data
from [110]). Notably, other pigmentation-related
genes have been associated with melanoma sus-
ceptibility, including SLC45A2, OCA2, TYR,
and ASIP. Variants in these five genes have been
reported to explain up to 50 % of the observed
difference in melanoma risk contributed by the
skin pigmentation phenotype [111].

31.3.1.2 Nevi
Another melanoma risk factor, which is pigment
related, is nevus density. Nevi are benign clonal
proliferations of melanocytic cells [112]. Higher
number of nevi increases risk of melanoma, with
some estimates suggesting that each additional
common nevus increases risk by 1.02 [113–115].
Twins studies support the hypothesis that the
propensity for nevi development is a genetic trait, as
monozygotic twins had higher correlations of nevus
counts than dizygotic twins [116]. More recently,
genome-wide association studies (GWAS) identi-
fied two genetic variants, 9p21 and 22q13, associ-
ated with nevus development and melanoma [117].

31.3.1.3 Sex
Sex-specific differences in melanoma incidence
and mortality are well established: women
accounted for 42 % of the 73,870 new melanoma
cases but only for 33 % of the 9710

Fig. 31.7 Global
distribution of MC1R
R163Q Allele frequency.
Data was extracted from
the Allele frequency
database [110]
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melanoma-related deaths recorded in the United
States in 2015 [118]. Population-based studies in
other countries reflect a similar trend [119–123].
For instance, a population-based study of 11,000
melanoma patients in Germany found that female
melanoma patients were 38 % more likely to
survive and 42 % less likely to progress than
males [123]. Among patients who did experience
disease progression, women kept a 20 % survival
advantage [123].

Differences in clothing, sun-seeking behavior,
UV exposure prevention, and skin screening
have been hypothesized as non-biological sour-
ces of sex disparity in melanoma outcome [123–
126]. However, women, stage-for-stage, have a
30 % relative advantage over men in both
melanoma-specific survival and risk of metas-
tases [124]. Furthermore, sex remains an inde-
pendent predictor of outcome from other factors
that would be strongly correlated to the hypoth-
esized non-biological confounders [120, 121,
124–128]. For instance, a large study in the
Netherlands found that men were almost twice as
likely to die from melanoma than women, even
after adjusting for time period of diagnosis, age,
tumor thickness, histologic subtype, body site,
and metastases status [120].

Thus, mounting evidence suggests that innate
biological differences may contribute to
sex-specific differences in melanoma outcome.
Differences in immunosurveillance, hormonal
influence, vitamin D metabolism, genome
surveillance for mutations, and epigenetic
mechanisms have all been proposed as possible
biological drivers of sex disparity in melanoma
[124, 129]. However, even the most widely
studied of these hypotheses, the role of hor-
mones, remains inconclusive [124, 130–134].

31.3.1.4 Other
In addition to pigmentation-related genes and
genes implicated in familial cases of melanoma,
other melanoma-susceptibility genes involved in
immunity, DNA repair, metabolism, and vitamin
D receptor polymorphisms have been reported
[49, 135]. It must be noted that the majority of
these studies report modest associations and are

in general underpowered to identify genes.
However, cheaper sequencing will allow for
larger population samples with deeper sequenc-
ing coverage [104].

31.3.1.5 Genetic Risk Factors
Approximately 10 % of melanoma cases are
thought to be familial, related to highly penetrant
risk alleles. A well-established high-risk locus for
melanoma susceptibility is the cyclin-dependent
kinase (CDK) inhibitor 2A gene (CDKN2A),
with 40 % of familial melanoma patients carry-
ing a CDKN2A mutation. This gene encodes two
tumor suppressor proteins, p16 and p14ARF, that
regulate progression from G1 of the cell cycle.
p16 binds cyclin-dependent kinase 4 (CDK4),
preventing this kinase from phosphorylating the
retinoblastoma (Rb) tumor suppressor and con-
sequently preventing E2F restriction at G1 from
being released. p14ARF increases the expression
of p53. Thus, mutations in CDKN2A can inhibit
the function of two tumor suppressor pathways
that increase malignancy susceptibility [105].
Patients with mutations in CDKN2A have
approximately 70 % increased lifetime risk of
developing melanoma [49].

Another high-risk melanoma-susceptibility
gene is CDK4, which codes for the target of
p16 in the Rb tumor suppression pathway
described above. However, fewer than 15 fami-
lies containing germline mutations in CDK4 are
known to exist worldwide, suggesting that
germline mutations in CDKN2A are much more
common. Other rare hereditary conditions may
also increase risk for melanoma susceptibility,
including the well-studied condition xeroderma
pigmentosum resulting from inactivating muta-
tions in one of eight nucleotide excision repair
pathway genes.

The BRCA1 associated protein 1 (BAP1), a
deubiquitinating enzyme, has recently been
added to the list of germline high-risk
melanoma-susceptibility genes. Multiple groups
have found associations of germline BAP1
mutations in families predisposed to ocular or
cutaneous melanomas [60, 136–139]. BAP1 has
been thought to be a tumor suppressor gene, and
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germline loss-of-function mutations have been
linked to increased risk for several malignancies,
including melanoma, associated with the tumor
predisposition syndrome [137]. More recent
investigations highlight the complex role BAP1
plays in cancer biology. Despite the tumor sup-
pressor role and consequences of germline
mutations just described, higher BAP1 expres-
sion appears to have a pro-survival effect and
potential growth-sustaining role in cutaneous
melanoma [138]. Table 31.1 delineates genes
implicated in melanoma risk [135, 140–142].

31.3.2 Environmental Risk Factor

UV radiation is probably the most widely rec-
ognized environmental risk factor. Sunlight is
composed of the UV spectrum (200–400 nm
wavelength), visible light spectrum (400–700 nm
wavelength), and the infrared spectrum
(>700 nm). Within the UV spectrum, there are
three subcategories: UVA (400–320 nm), UVB
(320–290 nm), and UVC (290–200 nm). UVB is
the predominant culprit in causing skin damage,
but UVA also contributes. About 95 % of UVA
and 10 % of UVB radiation make it through the
atmosphere and strike the earth surface [143].
Tanning devices generate both UVB and UVA
radiation, but the ratio of emission type has
changed over time, shifting away from UVB to
more UVA to reduce risk of burning [144].

When UV radiation strikes the skin, photons
damage DNA both directly, by being absorbed by
nucleic acids, as well as indirectly by generating
secondary genotoxic side-products. UVB most
frequently facilitates a chemical reaction in two
adjacent pyrimidines, resulting in a covalent bond

between the C5 or C4 of one pyrimidine to the C6
position of the other. When these photoproducts are
not repaired correctly, a C-to-T transition mutation
results. In contrast, UVA radiation leads to G-to-T
transversions via reactive oxygen species. UV
radiation has been demonstrated to suppress the
human immune system—an important check
against malignancies—and hence may not only
induce DNA damage, but also limit bodily defen-
ses by dialing down immunosurveillance [143].

The role of UV radiation and melanoma risk
is more complicated than greater exposure sim-
ply translating into greater risk. Some melano-
mas develop in regions with minimal or no sun
exposure—such as in mucosal, acral, and uveal
surfaces—suggesting that UV-induced carcino-
genesis may not always be required. Indeed,
sequencing studies cataloging somatic mutations
among melanoma tumors found fewer signature
UV mutations in mucosal, acral, and uveal mel-
anomas than in melanomas with more chroni-
cally exposed UV radiation as expected [145].

The pattern of sun exposure may shape mela-
noma risk. While there are no standard definitions
of sun exposure in the literature, intermittent sun
exposure generally refers to sporadic exposure,
resulting from recreational activities only in indi-
viduals whose work keeps them inside, shielded
from the sun. In contrast, chronic sun exposure
refers to extended, daily exposure that typically
occurs in individuals with outdoor work or those
who spend a considerable time in the outdoors.
One systematic review of 25 studies found that
intermittent exposure increased risk (Odds Ratio
(OR) 1.57, 95 % Confidence Interval (CI) 1.29–
1.91) as compared to other exposure patterns, but
surprisingly chronic exposure reduced risk (OR
0.73, 95 % CI 0.60–0.89) as compared to other

Table 31.1 Genes
implicated in melanoma
susceptibility [135, 140–
142]

Penetrance Genes

High CDKN2A, CDK4, BAP1, TERT, POT1, ACD, TERF2IP

Moderate MC1R, MITF

Low ASIP, TYR, TYRP1, OCA2, SLC45A2, MY07A, NID1, KIT,

KITLG, IRF, HERC2, PAX3, EDNRB, ADTB3A, CHS1, MLANA,

ATRN, SOX10, HPS, MRGN1, MYO5A, SLC24A4, PLA2G6,

CYP1B1, CDKAL1, AGR3, TMEM38B, OBFC1, CCND1, OCA2
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exposure patterns [146]. A more recent systematic
analysis found the magnitude of risk associated
with chronic sun exposure increased as populations
were positioned closer to the equator [147]. Given
the heterogeneity of results and the lack of exper-
imental evidence, it is difficult to make conclusive
statements about risk and exposure pattern. Risk
associated with exposure pattern may be modified
by anatomic site and genotype, as suggested by the
“divergent pathway hypothesis” [104].

It is interesting to note that signature UV
mutations are less frequently observed in mutated
oncogenes in melanomas, as compared to other
skin cancers. A whole-exome sequencing study
of melanoma tumor samples found that 46 % of
mutations in 21 oncogenes were due to signature
UV mutations such as C-to-T and G-to-T muta-
tions. When mutations in BRAF and NRAS were
excluded, percentage of driver mutations
increased to 67 % [148]. These results imply that
activating mutations are constrained to specific
codons and particular changes, as empirically
observed with the majority of driver BRAF
mutations constrained to the V600E region. In
contrast, tumor suppressor genes, such as
CDKN2A, have loss-of-function mutations that
may be caused by signature UV mutations [149].

31.3.3 Medications and Coffee

There is some epidemiological evidence that
common medications are associated with mela-
noma risk. TNF-α [alpha] inhibitors and sildenafil
citrate are associated with an increased risk, while
non-steroidal anti-inflammatory (NSAID) use is
associated with reduced risk. TNF-α [alpha] inhi-
bitors are used for a range of inflammatory con-
ditions, including inflammatory bowel disease
(IBD) and rheumatoid arthritis. One study focused
on IBD treatment and demonstrated an increased
risk with TNF-α [alpha] inhibitor use (OR 1.88,
95 % CI 1.08–3.29) as compared to no use. No
risk was observed among individuals with rela-
tively short term use, defined as under 120 days,
while long-term users were at significantly
increased risk (OR 3.93, 95 % CI 1.82–8.5) when
compared to those with short term use [150].

Similarly, a study of 25,848 men in the Health
Professionals Follow-up Study found that ever use
of sildenafil increased melanoma risk [hazard ratio
(HR) 1.92, 95 % CI 1.14–3.22] as compared to
never use [151]. Sildenafil citrate is a phosphodi-
esterase (PDE) 5A inhibitor that is used for treat-
ment of erectile dysfunction. Speculatively,
PDE5A levels appear to be downregulated by
BRAF activation, and low PDE5A levels associ-
ated with BRAF activation or sildenafil use may
promote melanoma progression [151].

In contrast, coffee intake and NSAID drug use
have also been linked to modest protection against
skin cancer. In a prospective cohort study includ-
ing 447,357 Whites, high coffee intake (greater
than four cups per day) was associated with
modest reduced risk of melanoma (HR 0.80, 95 %
CI 0.68–0.93) as compared to no coffee intake
[152]. Experimental evidence suggests plausible
biological mechanisms for this observed associa-
tion. Bioactive compounds in coffee may prevent
UVB-induced carcinogenesis. For instance,
cyclooxygenase (COX2) is known to be
over-expressed in response to UVB exposure and
melanoma cells and thought to have a functional
role in melanomagenesis [153, 154]. 5-O-caf-
feyolquinic acid and its metabolites have been
shown to suppress COX2 levels in epidermal cells
in murine models [155]. Given the potential link
between COX2 and melanomagenesis, the asso-
ciation between NSAIDs and melanoma risk has
been the focus of several studies. In a case-control
study in Denmark, NSAID exposures (defined as
>2 prescriptions) among 3242 melanoma cases
versus 32,400 age-and-sex matched controls was
associated with an incidence rate ratio of 0.87
(95 % CI 0.8–0.95) [156]. These results seem to
be supported by a meta-analysis of six case-control
studies in the literature, but a similar meta-analysis
of six cohort studies did not provide evidence for
an association [157].

31.4 Summary

This chapter started by reflecting on the amazing
pace of discovery in the field of melanoma
research. Only a short nine years existed between
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the discovery of the driver V600E mutation in
BRAF and the development of the first
anti-BRAF targeted-drug. Similarly, technology
has begun to provide molecular insight poten-
tially underpinning trends observed in melanoma
epidemiology. For instance, the perplexing
female survival advantage in melanoma outcome
has been documented since the 1960s [158]. The
development of cost-effective sequencing has
allowed us to link the long-observed, sex dis-
crepancy in melanoma outcome to a difference in
mutation burden in tumors.

The field of melanoma epidemiology is
fast-moving, but one lesson remains clear: the
complexity of melanoma epidemiology mirrors
the heterogeneity of the disease. Better under-
standing of the molecular epidemiology of the
disease will hopefully translate into better public
health efforts and patient care focused on sub-
types of melanoma. The rising melanoma inci-
dence rates underscore that future efforts to
control these trends will require efforts in pre-
vention, early detection, and more effective
treatments with an ever-expanding arsenal of
therapeutics.
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32Pathology and Molecular Pathology
of Melanoma

Amrita Goyal and Lyn McDivitt Duncan

32.1 Introduction

Melanoma is a cancer of melanocytes that most
often arises in the skin but may also develop in
the eye and mucosal sites. If caught early, mel-
anoma can be successfully treated by surgery,
however, those patients diagnosed with advanced
stage disease have a poor prognosis. In this
chapter, we begin by discussing the embryolog-
ical development of the skin with an attention to
melanocytic migration, followed by a description
of normal cutaneous anatomy and histology. The
neoplastic processes of cutaneous melanocytes
will then be outlined, and we will devote the
remainder of the discussion to malignant disease.
Finally, we will focus on the molecular patho-
genesis of melanoma. This expanding and
evolving melanoma research arena has furnished
us with promising diagnostic and therapeutic
applications. This chapter will focus mostly on
cutaneous melanoma but will also touch on more
rare forms of melanoma including ocular mela-

noma, and genitourinary, gastrointestinal, and
upper respiratory mucosal melanoma.

Melanoma has significant societal impact
because it affects patients at a relatively young
age and when found to be metastatic there is no
reliably effective treatment. The histopathologi-
cal findings in the primary tumor are the princi-
ple factors that determine treatment, guiding
surgical plans and in some cases adjuvant ther-
apy. Melanoma staging is dependent upon his-
tological features observed in routinely processed
formalin-fixed and paraffin-embedded tissue
sections. Promising recent discoveries in the
pathogenesis of melanoma and identification of
distinct molecular phenotypes may lead to the
development of molecularly based staging sche-
mas. Indeed, current molecular tests, in particular
the identification of a BRAFV600E mutation,
determine targeted therapy in patients with
advanced stage disease. Current research studies
promise a more molecularly integrated approach
to melanoma treatment in the future.

32.2 Basic Anatomy of Skin

During embryogenesis melanocytes are derived
from the neural crest. Coordinated cell–cell sig-
naling cascades lead to selective activation of
transcription factors that direct key morphologi-
cal events in fetal skin development. By the end
of the first trimester, morphogenesis of the skin is
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well underway and during the second trimester
differentiation of the epidermis and adnexal
structures occurs. Early during embryogenesis two
specialized cell types migrate to the epidermis:
melanocytes and Langerhans cells. Melanocytes
are derived from the neural crest that forms along
the dorsal neural tube. The embryogenic mecha-
nisms by which melanocytes populate the epider-
mis and hair follicle epithelium are not clearly
understood. However, it is likely that melanoblasts
(melanocyte precursors) participate in an interme-
diate mesenchymal stage wherein they exist in
intradermal, intraepidermal, and intrafollicular
compartments [1]. Examinations in human fetal
skin reveal well-defined melanoblast progression
from intradermal (6–8 weeks gestation) to
intraepidermal (12–15 weeks gestation) to
intrafollicular (18–20 weeks gestation) localization
[1]. Melanoblasts have been thought to arise from
the dorsal neural tube and migrate dorsolaterally
along the ectodermatome and ventrally through the
developing dermis to their final destinations in the
skin. Of note, new evidence supports the hypoth-
esis that Schwann cell precursors also may serve as
the cells of origin for a major fraction of skin
melanocytes [2, 3].

32.3 Basic Histology of Skin

32.3.1 Epidermis

The epidermis is a stratified squamous epithelium
composed of layers of keratinocytes. The external
or surface stratum corneum has underlying stratum
granulosum, stratum spinosum and, at the base of
the epidermis, the stratum basale. Intermingled
within the pavement-like arrangement of ker-
atinocytes in the epidermis are several specialized
nonkeratinocytic cells including: (1) Merkel cells,
CK20 + neuroendocrine cells found in the stratum
basale and associated with nerve endings from the
dermis, (2) Langerhans cells, CD1a+ and Langerin
+ dendritic cells found in the stratum spinosum that
function in antigen presentation, and (3) Melano-
cytes, S100+ MITF+ cells found in the stratum
basale that function to transfer melanin pigment to
keratinocytes.

32.3.2 Dermis

Directly underlying the epidermis is the dermis,
separated from the epidermis by a basement
membrane zone. The dermis is composed of a
superficial papillary dermis and deep reticular
dermis. The papillary dermis includes the dermal
papillae which are intercalated with the epidermal
rete ridges. The papillary dermis is composed of
delicate, pale eosinophilic collagen fibers and
contains free nerve endings and Meissner’s cor-
puscles. The superficial venular plexus separates
the papillary dermis from the underlying reticular
dermis. The reticular dermis is composed of
course, deeply eosinophilic collagen fibers and
contains the deep vascular plexus, adnexal
structures, nerve trunks, Pacinian corpuscles, and
glomus bodies. These structures vary in their
density and distribution with different cutaneous
sites. For example, apocrine units are more
common in the axilla, eccrine units are common
on the palms and soles, and hair follicles are
common on the skin of the head and neck.

32.3.3 Subcutis

The epidermis and dermis are considered the
outermost or superficial layers of the skin. Beneath
these two layers is the subcutis. The subcutis is
composed of subcutaneous fat lobules that are
separated by fibrous septa that extend from the
deepest aspect of the reticular dermis. The sub-
cutaneous fat contains few adnexal structures,
including anagen hair bulbs and medium-sized
arterioles and veins. Occasionally, lymph nodes
may also be present in the subcutaneous fat.

32.4 Benign Neoplastic
Pathology/Morphology

32.4.1 Histology of Melanocytic
Hyperplasia

There are several clinical lesions that may be
manifested histopathologically as a non-nested
epidermal melanocytic hyperplasia. The most
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common of these is lentigo, which is subclassi-
fied by some as solar lentigo and lentigo simplex.
These lesions are characterized by the presence
of a lentiginous proliferation of melanocytes and
increased pigmentation of basal layer ker-
atinocytes. No melanocytic clustering or nesting
is observed in lentigo. The term “lentiginous” is
used to describe a pattern of individual melano-
cytes in increased numbers at the dermoepider-
mal junction. In addition to being present in
lentigo, a lentiginous melanocytic proliferation is
also observed in other processes including dys-
plastic nevus, lentigo maligna (Fig. 32.1a), acral
lentiginous melanoma, and mucosal melanoma.
The cytological characteristics of the melano-
cytes and associated patterns of growth differ for
each of these diagnoses.

32.4.2 Histopathology of Benign
Nevi

The histopathology of benign melanocytic tumors
is quite variable. These nested proliferations of
melanocytes may be confined to the epidermis
(junctional nevus), present in both the epidermis
and dermis (compound nevus) or limited to the
dermis (dermal nevus). The most common nevi
are composed of nests of benign appearing mel-
anocytes with smooth nuclear contours, incon-
spicuous nucleoli, and variable amounts of
amphophilic to eosinophilic cytoplasm. The pat-
tern of melanocytes in the epidermis of benign
nevi may be lentiginous (a proliferation of indi-
vidual cells along the dermoepidermal junction)
or nested (aggregates of three or more nevome-
lanocytes). In benign junctional and compound
nevi the intraepidermal melanocytic proliferation
is usually localized to the base of the epidermis
(Fig. 32.1b). However, in some cases the mela-
nocytes may be present in the upper half of the
epidermis; this growth pattern is termed “page-
toid” when individual melanocytes are seen in the
upper levels of the epidermis because it mimics
Paget’s disease of the breast. While a pagetoid
growth pattern maybe seen in specific rare subsets
of benign nevi, it is a characteristic feature of
melanoma in situ (Fig. 32.1c). In compound and

dermal nevi, the melanocytes in the superficial
dermis have round to oval nuclei with small
nucleoli and occasionally delicately pigmented
cytoplasm, these are termed as type A nevome-
lanocytes. With increasing depth in the dermis the
tumor cells have more round nuclei, less cyto-
plasm, and inconspicuous nucleoli, termed as
type B nevomelanocytes. At the deepest aspect of
the nevus, the type C nevomelanocytes have

Fig. 32.1 Intraepidermal melanocytic proliferations.
a Atypical lentiginous melanocytic hyperplasia in lentigo
maligna, b nested intraepidermal melanocytic prolifera-
tion in a compound dysplastic nevus with slight cytolog-
ical atypia, c nested and pagetoid intraepidermal growth
pattern in melanoma in situ
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small round nuclei with minimal cytoplasm and
may mimic lymphocytes or fibroblasts. This
transition of cytological appearances from
superficial cells with larger nuclei, open chro-
matin, more cytoplasm, to smaller cells with
minimal cytoplasm, is termed as “maturation”

and is a feature of benign nevi that is helpful in
distinguishing benign melanocytic tumors from
melanoma (Fig. 32.2a).

In addition to the common benign nevi, there
are several histologically distinct types of benign
melanocytic nevi; these include nevi with

Fig. 32.2 Benign intradermal melanocytic proliferations.
a Melanocytic maturation in the dermal component of
congenital nevus, b perivascular growth pattern in
congenital nevus, c subendothelial growth pattern in

congenital nevus, d combined dermal and blue nevus of
the conjunctiva, e epithelioid dermal nevus cells admixed
with pigmented dendritic blue nevus cells in combined
conjunctival nevus
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features of congenital onset, dermal dendritic
melanocytic proliferations (blue nevi and vari-
ants), nevi with cytological and architectural
disorder (dysplastic nevi), and spindled and
epithelioid cell nevi (Spitz nevi). While in most
cases these melanocytic nevus variants may be
readily identified as benign, in some cases these
tumors may display histopathological features
that mimic findings characteristic of melanoma.

Melanocytic nevi with features of congenital
onset have variable dermal patterns of growth that
are distinctive. Congenital nevi are usually com-
pound or dermal and characteristically involve the
reticular dermis. The dermal growth patterns of
congenital melanocytic nevi may be strikingly
perivascular (Fig. 32.2b), diffusely infiltrate
throughout the reticular dermis to form a plaque,
extend around adnexal structures, infiltrate into the
arrector pili smooth muscle, and occasionally dis-
play a subendothelial growth pattern mimicking
vascular invasion (Fig. 32.2c).

Most benign melanocytic nevi are composed
of melanocytes with round or oval nuclei and
variable amounts of cytoplasm, termed “epithe-
lioid” because of the resemblance to epithelial
cells. However, there also is a distinctive cate-
gory of nevi that are composed predominantly of
melanocytes with small round to oval nuclei and
delicately elongated dendritic cytoplasm. The
cytoplasm of these melanocytes is most apparent
when pigmented (Fig. 32.2d). The presence of
cells with pigmented cytoplasm in the dermis
gives a blue hue to the skin due to the Tyndall
effect of light scatter. These tumors are termed
“blue nevi” because of this distinctive clinical
appearance. Variants of blue nevi include the
nevus of Ito which typically occurs on the
shoulder or upper arm, the nevus of Ota which
typically occurs on skin innervated by the oph-
thalmic and maxillary branches of the trigeminal
nerve and the mongolian spot which typically
occurs in lumbosacral region. Blue nevi may also
occur in combination with other types of benign
nevi, these combined blue nevi are most com-
monly found in the skin of the eyelid [4]
(Fig. 32.2e).

32.4.3 Histology of Dysplastic Nevi

Dysplastic melanocytic nevi were first identified
as a distinctive type of atypical nevus in the
setting of familial melanoma [5, 6]. The
description of dysplastic nevi as sporadic nevi in
patients without familial melanoma has stimu-
lated considerable controversy. A significant
body of science has established dysplastic nevi as
an intermediate between common benign nevi
and malignant melanoma. These tumors with
cytological and architectural disorder are clini-
cally and histologically indistinguishable from
dysplastic nevi that occur in patients with
familial melanoma. While controversy regarding
the criteria for diagnosis continues, the most
straightforward approach to the histopathological
diagnosis of dysplastic melanocytic nevi resulted
from a consensus conference on this topic more
than two decades ago [7]. Using these guidelines,
the histological diagnosis of a dysplastic nevus is
based upon cytological features of the melano-
cytes, architectural growth patterns, and the host
response to the tumor. Adherence to these criteria
allows for consistent diagnosis of dysplastic nevi.
Both major criteria are required and at least two
of the minor criteria are required. The two major
criteria are: a lentiginous and nested cytologi-
cally atypical intraepidermal melanocytic prolif-
eration, and a nested intraepidermal component
that extends three rete ridges beyond the dermal
component (termed a “shoulder” with the body
representing the dermal melanocytic tumor). This
second criterion is not required in purely epi-
dermal (junctional) dysplastic nevi. The minor
criteria include:
• a prominent superficial vascular plexus,
• superficial papillary dermal fibrosis in either

an eosinophilic concentric or lamellar pattern,
• a lymphocytic inflammatory infiltrate about

the superficial vascular plexus, and
• nest expansion and fusion at the dermoepi-

dermal junction, termed “bridging.”
Cytological atypia is required for the diagno-

sis of a dysplastic nevus; however, there is a
range of degrees of cytological atypia. While
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some will use architectural disorder, including
limited pagetoid spread, to contribute to grading;
most dysplastic nevi are graded based on the
degree of melanocytic atypia. These tumors show
nuclear variability along a continuum with gradual
nuclear enlargement, increased chromatin density
or clumping, nucleolar enlargement, and pleomor-
phism. With increasing degrees of atypia, the size
of the nuclei increase; a good reference for size is
the nucleus of the mid-layer keratinocyte. Because
melanocytic atypia represents a spectrum, precise
criteria are not possible. In general, mildly atypical
cells have cytoplasmic retraction with a perinuclear
halo and inconspicuous cytoplasm, the nuclei are
oval, sickle shaped, angulated or rhomboidal, often
with dense nuclear chromatin and do not exceed
the size of a mid-layer keratinocyte nucleus.
Moderately atypical nevomelanocytes have
amphophilic or delicately pigmented cytoplasm,
with enlarged rhomboidal, angulated, or oval
nuclei, usually larger than a mid-layer keratinocyte
nucleus, there is nuclear pleomorphism and nucle-
oli may be visible (Fig. 32.3). Severely atypical
nevomelanocytes have features of melanoma cells,
the cytoplasm may be amphophilic, eosinophilic or
inconspicuous, nuclei are larger than mid-layer
keratinocyte nuclei and have irregular folding,
undulating nuclear contours, chromatin clumping
or dense chromatin, nucleoli maybe be prominent
and eosinophilic, and there is marked nuclear
pleomorphism [8]. A limited pagetoid growth pat-
tern with rare individual cells in the lower
two-thirds of the epidermis may be seen in

dysplastic nevi. Extensive pagetoid involvement of
the upper layers of the epidermis is considered by
many to be diagnostic of melanoma in situ, while
others allow for a certain degree of pagetoid spread
in severely atypical dysplastic nevi [9].

32.4.4 Histology of Spindled
and Epithelioid Cell
(Spitz) Nevi

The diagnosis, predicted prognosis, and optimal
therapy continue to be controversial for atypical
melanocytic tumors with features of the spindled
and epithelioid cell melanocytic tumors descri-
bed by Spitz [10]. While most cases may be
identified histopathologically as either a benign
Spitz nevus or a melanoma, a subset of mela-
nocytic tumors are histologically ambiguous
sharing features of Spitz nevus and melanoma.
These cases are important to identify as either
atypical Spitz tumors (with a high risk of local
metastasis but minimal risk of spread beyond the
sentinel lymph node basin) or spitzoid melanoma
(with prognosis likely similar to conventional
melanoma). There has been debate regarding the
terminology of these atypical melanocytic tumors
[11, 12], nevertheless, the histopathological cri-
teria for distinguishing atypical Spitz tumor,
spitzoid melanoma, and conventional melanoma
are more well-defined now than in past decade
[13]. Extensive research on this topic has led to
evolution of the standards of care for patients
with atypical Spitz tumor and spitzoid melanoma
[14–16]. Nevertheless, the histological criteria
for the distinction of atypical Spitz tumor from
melanoma are not consistently defined [17–19].
Some will use the term “atypical Spitz tumor” for
all Spitz nevi with any atypical histological fea-
ture, and “melanoma” for melanomas with spit-
zoid features (including spitzoid melanomas)
[13]. Consensus meetings have led to some
unifying concepts [17, 18]:
• histologically conventional benign Spitz nevi

are not associated with metastasis (Fig. 32.4)
[20, 21],

• atypical spindled and epithelioid melanocytic
proliferations resembling Spitz nevi but with

Fig. 32.3 Compound dysplastic nevus with moderate
cytological atypia. There is bridging of intrapepidermal
nests, subepithelial fibrosis, lymphocytic infiltrate and
moderate cytological atypia of the intraepidermal
melanocytes
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cytological and/or architectural atypia (e.g.,
atypical Spitz tumors) are frequently associ-
ated with sentinel lymph node metastases [12,
18, 22–33], and

• spitzoid melanomas represent atypical spindled
and epithelioid melanocytic tumors that share
many cytological and architectural featureswith
melanoma and are considered to be melanoma,
possibly with a slightly better prognosis than
conventional melanoma [34, 35].
Clear distinctions between these categories

remain difficult and controversial because atypi-
cal Spitz tumor and spitzoid melanoma may exist
on a continuum with Spitz nevi on one end and
melanoma at the other. Histopathologically,
atypical Spitz tumor has an overall resemblance
to spindled and epithelioid cell nevus (Spitz
nevus) but also displays a few atypical features.
Spitzoid melanoma differs by showing more
atypical features, with atypical findings sufficient

for a diagnosis of melanoma (Fig. 32.5). The
atypical histopathological findings include
abnormalities of cellular organization, prolifera-
tion, and cytological atypia. Disorders of orga-
nization are manifested as: diameter > 10 mm,
disordered intraepidermal growth pattern without
supra-nest clefts, prominent pagetoid growth,
ulceration, absence of Kamino bodies, confluent
growth pattern, high cellular density, asymmetry
at scanning magnification, poor circumscription,
lack of maturation, lack of zonation (horizontal
cytological consistency), and extension into the
subcutaneous fat [13, 36]. Proliferation criteria
include: more than two mitoses in the tumor or
mitoses at the deep advancing margin of the
tumor [37] and Ki-67 staining of more than 20 %
of tumor cells [38]. Cytological atypia is mani-
fested as: high nuclear-to-cytoplasmic ratio,
“dusty” granular cytoplasmic pigmentation,
nuclear chromatin clumping, nuclear membrane

Fig. 32.4 Compound spindled and epithelioid cell nevus
(Spitz). a A wedge-shaped intraepidermal and dermal
melanocytic proliferation extends into the reticular der-
mis, b Kamino bodies (intraepidermal eosinophilic
deposits) are present among the epithelioid melanocytes

Fig. 32.5 Spitzoid melanoma. a A predominantly
epithelioid intraepidermal and dermal melanocytic prolif-
eration, b cytologically pleomorphic epithelioid melano-
cytes, lymphocytes, and mitosis
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thickening, and irregularly shaped or enlarged
nucleoli. In additional to the histopathological
features, clinical characteristics including the age
of the patient, and the color, size, and overall
clinical appearance of the tumor also influence
the final diagnosis.

32.4.5 Histology of Other Benign
Melanoma Mimics

As noted above in the description for dysplastic
nevi and spitzoid neoplasms, the diagnosis of
melanoma can be challenging in a subset of mel-
anocytic tumors that are benign but share
histopathological features with melanoma. One of
the histopathological features that may be
observed in both benign and malignant melano-
cytic tumors is pagetoid intraepidermal spread, a
proliferation of individual melanocytes present in
the upper levels of the epidermis. There are several
types of benign melanocytic proliferations that
also display pagetoid spread and can be distin-
guished from melanoma. Pagetoid growth pattern
is seen in the following benign melanocytic
tumors: congenital nevus in children less than 5
years of age, spindled and epithelioid cell (Spitz)
nevus, pigmented spindled cell nevus, recurrent
nevus, excoriated nevus, acral nevus (also known
as MANIAC = melanocytic acral nevus with
intraepidermal ascent of cells [39]), and occa-
sionally dysplastic nevi. In most of these cases the
histopathological attributes including the pattern
of melanocytic nesting and absence of marked
cytological atypia will aid in arriving at the correct
diagnosis.

Another category of benign melanoma mimics
includes combined nevi. These complex mela-
nocytic tumors share features of two or more
types of melanocytic nevi. The most diagnosti-
cally challenging of these are the combined nevi
with deep pigmented melanocytes including the
deep penetrating/plexiform spindled cell nevi
(Fig. 32.6) and the clonal/inverted type A nevi
[4, 40, 41]. Despite some histopathological sim-
ilarities to melanoma these nevi are entirely
benign and can be identified based on
histopathological and IHC analysis.

32.5 Histopathology of Melanoma

32.5.1 Melanoma Subtypes

The initial classification of primary cutaneous
melanoma occurred nearly 50 years ago based
upon detailed observations and descriptions of
the clinical and histopathological findings [42,
43]. There have been some additions to the
classification scheme, however, the original
descriptions form the foundation for the currently
recognized subtypes of cutaneous melanoma [42,
44–47]. The original descriptions of cutaneous
melanoma included the clinical appearance, age,
gender, anatomic sites, and degree of sun expo-
sure. The authors also described in detail the
histological features including patterns of tumor

Fig. 32.6 Deep penetrating/plexiform spindled cell
nevus. a A wedge-shaped dermal proliferation of lightly
pigmented melanocytes, extending along neurovascular
bundles with admixed pigment-laden macrophages. b The
delicately pigmented tumor cells are admixed with
coarsely pigmented macrophages and surround vascular
and neural structures, extending deep into the dermis with
plexiform growth pattern
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cell growth in the epidermis and dermis, cyto-
logic features, epidermal changes including
atrophy and ulceration, the presence of solar
elastosis, the anatomic level of invasion, the
maximal tumor thickness as measured perpen-
dicular to the epidermal surface from the top of
the granular cell layer, vascular invasion, mitotic
activity, and the pattern and density of lympho-
cytic host response. These clinical and patho-
logical variables formed the framework for
cutaneous melanoma classification into three
major subtypes: invasive melanoma with adja-
cent intraepidermal component of superficial
spreading type (superficial spreading melanoma,
SSM), invasive melanoma with adjacent
intraepidermal component of Hutchinson’s
melanotic freckle type (lentigo maligna mela-
noma, LMM), and invasive melanoma without
adjacent intraepidermal component (nodular
melanoma, NMM). The adjacent intraepidermal
component was defined as extending at least
three rete ridges within the epidermis beyond the
edge of the dermal component. The extension of
melanoma in the epidermis and superficial der-
mis is termed “radial growth phase,” when the
dermal invasive component become more
prominent or mitotically active it is termed
“vertical growth phase” (Table 32.1). In the
years since this original description, additional

cutaneous melanoma subtypes, including acral
lentiginous, mucosal lentiginous, nevoid,
desmoplastic, spindled, and others have been
described. Each has distinctive clinical and
histopathological features (Table 32.2).

32.5.1.1 Superficial Spreading
Melanoma

The clinical appearance of superficial spreading
melanoma is variable and includes a broad range
of colors including tan, brown, gray, black,

Table 32.1 Definitions of radial and vertical growth
phase in primary cutaneous melanoma

Characteristics of radial growth phase
(RGP) melanoma

• Single cell dermal invasion
• Small invasive nests (dermal nests smaller than
intraepidermal nests)

• No dermal tumor cell mitoses
• Inflammatory infiltrate present
• Papillary dermis involved (Clark level II)
• No expansile nodule (s)

Characteristics of vertical growth phase
(VGP) melanoma

• Expansile nodule, nests in dermis larger than epidermis
• Dermal mitoses
• Stromal changes (desmoplastic)
• Present in papillary dermis, +/– reticular dermis, +/–
fat (Clark level III, IV or V)

Table 32.2 Distinctive histopathological findings, frequency, and growth patterns in primary cutaneous melanoma

% of
cases

Distinctive findings RGP VGP

Superficial
Spreading

>70 Pagetoid RGP, epithelioid VGP + −/+

Lentigo
Maligna

3 Sun-damaged skin, lentiginous RGP extension down hair follicles,
epithelioid or spindled VGP

+ −/+

Acral
Lentiginous

2 Acral sites, lentiginous RGP extension down eccrine units,
epithelioid VGP

+ −/+

Nodular 20 No radial growth phase, epithelioid VGP − +

Desmoplastic <1 Often associated with lentigo maligna, scar-like VGP +/- +

Nevoid <1 Symmetric nevic like dermal component, epithelioid VGP −/+ +

Spindled <1 Often associated with lentigo maligna, spindled VGP +/- +

Mucosal
lentiginous

<1 Oral, genitourinary, and gastrointestinal mucosa + −/+
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violaceous, pink, and occasionally blue or white.
The edge of the tumor with adjacent normal skin
is usually sharply marginated with a few irregular
peninsula-like protrusions. The surface may be
slightly elevated or have a palpable papule or a
nodule that extends several millimeters above the
skin surface.

The histopathological features of superficial
spreading melanoma include an intraepidermal
component with a pagetoid and nested growth
patterns at all levels of the epidermis (Fig. 32.7).
The intraepidermal tumor cells have a prominent
epithelioid cytology with abundant cytoplasm
that is eosinophilic, amphophilic or has a “dusty”

Fig. 32.7 Superficial spreading melanoma. a In situ
melanoma with pagetoid intraepidermal growth pattern,
b in situ nested and pagetoid intraepidermal proliferation
with superficial dermal nevus, c pagetoid and nested
intraepidermal melanoma with invasion of the superficial

dermis, d the cytology of the intradermal tumor cells is
similar to that of the intraepidermal component, e intraepi-
dermal and dermal melanoma with multifocal dermal
invasion
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distribution of fine cytoplasmic melanin granules.
The nuclei may be large, have irregular nuclear
contours, and contain one or more prominent
nucleoli. These intraepidermal tumor cells are
relatively uniform and appear cytologically sim-
ilar to one another. In invasive dermal mela-
noma, the tumor cells have cytological features
similar to the intraepidermal tumor cells. The
dermal melanoma component may also be com-
posed of numerous variably sized nests that may
be associated with expansile nodule formation. In
cases with abundant dermal tumor the cytologi-
cal heterogeneity becomes more apparent, often
with striking variation in cell morphology from
one tumor nest to the next.

32.5.1.2 Nodular Melanoma
The clinical appearance of nodular melanoma is
usually a relatively uniform brown, black or
blue-black elevated lesion. Nodular melanoma
may be a smoothly surfaced cutaneous nodule,
an elevated plaque with irregular outlines, or a
polypoidal ulcerated exophytic tumor. In contrast
to superficial spreading and lentigo maligna
types of melanoma, there is no surrounding flat
pigmented lesion associated with the tumor.

The histopathology of nodular melanoma is
that of a predominantly dermal tumor. When an
intraepidermal component is present it directly
overlies the invasive melanoma (Fig. 32.8).
Occasionally, the epidermal component is so
minimal as to suggest the possibility that the
tumor represents a dermal metastasis. The verti-
cal growth phase of nodular melanoma is com-
posed of small nests and aggregates of tumor
cells that together form the overall tumor nodule.

32.5.1.3 Lentigo Maligna Melanoma
The clinical appearance of lentigo maligna mel-
anoma is that of a relatively large, mostly flat,
pigmented lesion with a variegated coloration
that includes tan, brown, and black and may have
flecks of black or brown. The outline of the
tumor is irregular and may merge with the sur-
rounding skin tones. Wood’s light examination
may be helpful in identifying the edge of the
melanocytic proliferation. Although lentigo

maligna melanoma is predominantly flat, foci of
invasion may be detected as a slightly raised
papule that may be best detected by side lighting
[48].

Lentigo maligna melanoma arises in the set-
ting of lentigo maligna. There is a spectrum of
atypical melanocytic proliferations that occur in

Fig. 32.8 Nodular melanoma. a Epithelioid tumor cells
form an expansile dermal nodule with only focal
involvement of the overlying epidermis, this is pure
vertical growth phase tumor, b there is no radial growth
phase melanocytic proliferation, c the epithelioid tumor
cells have pleomorphic nuclei with prominent nucleoli
and a lymphocytic infiltrate
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sun-damaged skin of the elderly, usually on the
face, scalp, and neck. These proliferations arise
in a background of epidermal atrophy with
marked solar elastosis. Histopathologically, the
melanocytic proliferations range from subtle
atypical melanocytic hyperplasia, to lentigo
maligna, to lentigo maligna melanoma in situ, to
invasive lentigo maligna melanoma (Fig. 32.9).
The histopathology of lentigo maligna melanoma
is characterized by an intraepidermal predomi-
nantly individual cell melanocytic proliferation
localized to the basal layers of the epidermis. The
cytology of the lentiginous proliferation is strik-
ingly atypical; tumor cells have large densely
chromatic nuclei and are occasionally multinu-
cleated. When the proliferation is confluent the
basal keratinocytes appear to be replaced by a
continuous line of severely atypical melanocytes.
The lentiginous proliferation extends down hair
follicle epithelium, maintaining close approxi-
mation to the basal layer. Intraepidermal nests
and pagetoid spread may be observed, however,
these features are subtle when present, in contrast
to superficial spreading melanoma, which is
characterized by a nested and pagetoid intraepi-
dermal component. While some observers
include lentigo maligna and lentigo maligna
melanoma in situ in one diagnostic category,
others separate these two based on histopatho-
logical findings [49, 50]. Criteria for lentigo
maligna melanoma in situ include a severely
atypical lentiginous melanocytic proliferation
with two or more of the following:

Fig. 32.9 Lentigo Maligna Melanoma. a In situ mela-
noma composed of a confluent lentiginous intraepidermal
proliferation of cytologically atypical melanocytes asso-
ciated with epidermal atrophy and solar elastosis, b in situ
melanoma with a lentiginous and nested intraepidermal
proliferation of cytologically atypical melanocytes, c in-
traepidermal and dermal melanoma with a confluent
lentiginous and nested intraepidermal component and
underlying dermal invasion with associated lymphocytic
infiltrate, d invasive desmoplastic neurotropic melanoma
arising the setting of lentigo maligna melanoma

b

624 A. Goyal and L.M. Duncan



(1) intraepidermal melanocytic nests, (2) page-
toid growth pattern, (3) confluence of melano-
cytes along the dermal epidermal junction [51].
When tumor cells extend into the dermis, the
diagnosis is lentigo maligna melanoma. The
dermal invasive component of lentigo maligna
melanoma may display spindled cells and tumor
cell pigmentation, have a scar-like desmoplastic
appearance or may show features similar to those
observed in the dermal component of superficial
spreading and nodular melanoma. Desmoplasia
and neurotropism are more commonly found in
lentigo maligna melanoma than in other mela-
noma types.

32.5.1.4 Melanoma: Rare Subtypes
In addition to superficial spreading, lentigo
maligna and nodular melanoma, there are several
rare, clinically and histopathologically distinctive
subtypes. These include acral lentiginous mela-
noma (Fig. 32.10), mucosal lentiginous mela-
noma, nevoid melanoma, desmoplastic
melanoma (mixed and pure), and spindled mel-
anoma. Acral lentiginous and mucosal lentigi-
nous melanomas arise in anatomically distinctive
sites: hands and feet in the case of acral mela-
noma, and oral, genital, and gastrointestinal
mucosa in the case of mucosal melanoma. Some
of these rare forms of melanoma may fit into an
existing subtype, for example, nevoid melanoma
is considered by some to be a variant of nodular
melanoma [36, 52–54] (Fig. 32.11). There may
be overlap between nevoid melanoma with
Spitz-like tumors and tumors associated with
BAP-1 loss; further research is needed to fully
understand this subset of tumors [55, 56]. Des-
moplastic melanomas are usually lentigo maligna
type [57–62] (Fig. 32.12). It is now known that
even further subcategorization is helpful when
determining the treatment for desmoplastic mel-
anoma. Patients with pure desmoplastic mela-
noma have a lower risk of metastases than those
with mixed desmoplastic and conventional mel-
anoma [59]. Other rare forms of melanoma
include the pigmented epithelioid melanocytoma
[63, 64] and Spitzoid melanoma [20, 21, 37, 65–
69]. The treatment plan for these rare tumors is

based on reports of similar tumors rather than the
guidelines from the American Joint Commission
on Cancer (AJCC) or other schemes.

32.5.2 Cutaneous Melanoma
Histopathological
Prognostic Factors

The histopathological features of cutaneous
melanoma serve as the foundation for staging.
Factors included in the AJCC staging system
include primary tumor thickness, mitogenicity,
and presence or absence of ulceration
(Fig. 32.13). The histological identification of
microscopic metastases as microscopic satellites,
in-transit metastases, and sentinel lymph node
metastases also factor into the AJCC stage. Other

Fig. 32.10 Acral Lentiginous Melanoma. a In situ
melanoma in a lentiginous and nested pattern, b the
intraepidermal tumor cells are cytologically atypical with
high nuclear-to-cytoplasmic ratios and nuclear enlargement
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histopathological prognostic factors that may
guide patient therapy include Clark level of
invasion, tumor infiltrating lymphocytes, lym-
phovascular invasion, regression, and neu-
rotropism (Fig. 32.13).

32.5.2.1 Primary Tumor Thickness
(Breslow)

The maximal thickness of primary cutaneous
melanoma, as measured under the microscope
using an intraocular ruler, is one of the most
powerful predictors of melanoma survival [47].
This measurement is a critical component of the
pathology report and must be determined con-
sistently. A calibration table is used to ensure
accurate measurement across different brands and
models of microscopes. This melanoma mea-
surement is taken perpendicular to the epidermis
from the top of the epidermal granular cell layer
overlying the thickest part of the tumor to the
deepest invasive melanoma cell. When ulceration
is present, the measurement is taken from the
topmost viable tumor cell at the base of the ulcer
to the deepest point of tumor cell invasion. The
deepest measured melanoma cell must be free
and clear of adnexal structures: tumor cells that
extend along perineural and periadnexal (adven-
titial) dermis and perivascular or intravascular
extension are not included in the primary tumor
thickness measurement. When the primary tumor
has a polypoidal architecture, the Breslow
thickness is obtained by measuring across the
largest diameter of the lesion perpendicular to the
skin surface [70].

32.5.2.2 Primary Tumor Mitogenicity
It has long been known that increased prolifera-
tive activity of invasive melanoma is associated
with poor prognosis [71, 72]. Mitogenicity has
been found to be of greatest prognostic power in
patients with thin melanomas less than 1 mm
thick [73–75]. Additionally, mitogenicity may be
a powerful prognostic factor in patients with
negative sentinel lymph nodes [76]. The presence
of one mitosis in the dermal component of mel-
anoma with thickness < 1 mm leads to upstaging
from T1a to T1b. This upstaging is associated
with more therapeutic intervention, usually sen-
tinel lymph node removal and adjuvant therapy.
Because the studies that revealed mitoses as
clinically significant were retrospective studies
that employed the “hot spot” technique of eval-
uating tumor mitogenicity, the AJCC Melanoma
Staging Committee recommends that mitotic

Fig. 32.11 Nevoid Melanoma. a This dermal prolifera-
tion of melanocytes is not associated with an overlying
epidermal melanocytic proliferation, b the tumor cells
have small to medium-sized nuclei without significant
cytological atypia, resembling dermal nevus cells, c there
is no maturation of tumor cells with increasing dermal
depth, the tumor cells at the base have similar features to
those at the superficial aspect of the tumor
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count be determined by this approach and
reported as the number of mitoses per square
millimeter of the primary tumor [77]. Determin-
ing mitogenicity is accomplished by examination

of routine hematoxylin and eosin (H&E)-stained
tissue sections. It is not necessary to do exhaus-
tive tissue sectioning. After review of the inva-
sive tumor the area with the most mitotic figures

Fig. 32.12 Desmoplastic melanoma. a There is an
extensive infiltrative spindled and desmoplastic tumor
arising in a background of lentigo maligna, the presence
of lymphoid aggregates in the deep dermis and subcutis
are a clue to the presence of neurotropism, b the
superficial dermal tumor cells in this desmoplastic focus

have spindled and dendritic cytology resembling scar, C.
In some regions the tumor cell density is low, d an S100
stain in the region shown in panel C displays numerous
desmoplastic melanoma cells, e the desmoplastic tumor
invaded skeletal muscle, f an S100 stain highlights the
dendritic melanoma cells infiltrating fat

32 Pathology and Molecular Pathology of Melanoma 627



(“hot spot”) is identified, and the count starts
using a high power 40× objective (Fig. 32.13a).
After determining the number of mitoses in the
first high power field the count is extended to
adjacent fields until an area of 1 mm2 is assessed.
To ensure accuracy across observers, individual
microscopes are calibrated to determine the
number of high power fields corresponding to
1 mm2. Mitogenicity is reported as n/mm2. If
only one mitosis is found in the entire invasive
component, the report states 1/mm2. If no dermal
mitoses are identified the count is reported as
0/mm2. When the invasive component of the
tumor measures less than 1 mm2 the count is
performed on the entire dermal tumor and
reported as n/mm2. The AJCC Melanoma Stag-
ing Committee strongly discourages the use of
“<1/mm2” in reporting melanoma. It is important
to distinguish between the reporting function,
which should always be in a whole number/mm2

and the staging language which is described as a
range, e.g., greater than or equal to 1/mm2.

32.5.2.3 Primary Tumor Ulceration
In the past decade ulceration has been identified
as an important adverse prognostic factor in
primary cutaneous melanoma. Unlike mito-
genicity which is most powerful in thin tumors,
ulceration serves as more powerful discriminator
in tumors >1 mm thickness, perhaps in part
because ulceration is very rare in tumors <1 mm.
It may be difficult to distinguish thick-scale crust
from an ulcer clinically, thus, in primary cuta-
neous melanoma staging ulceration is defined
histopathologically. Tumor ulceration is defined
as full-thickness interruption of the epidermis by
tumor without prior history of mechanical trauma
or surgery at the site. The epidermal disruption is
associated with fibrin, inflammatory cells, and
granulation tissue (Fig. 32.13b).

32.5.2.4 Tumor Infiltrating
Lymphocytes
in Primary Cutaneous
Melanoma

The presence of lymphocytes infiltrating the
vertical growth phase of malignant melanoma
has been associated with a better prognosis [72,

Fig. 32.13 Melanoma prognostic factors. a mitoses,
b ulceration, c lymphovascular invasion (brown D240,
pink S100 staining), d neurotropism
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78, 79]. The pattern of tumor infiltrating lym-
phocytes is graded as “brisk” when the lym-
phocytes diffusely infiltrate throughout the
vertical growth phase tumor or form a continuous
inflammatory front along the entire advancing
tumor front, “non-brisk” when there is focal or
multifocal infiltration of the vertical growth
phase, and “absent” when there are no lympho-
cytes infiltrating the tumoral compartment.
Notably, if a dense inflammatory infiltrate is
present in the specimen adjacent to, but not
infiltrating the melanoma, this is also termed
“absent.” The presence of “brisk” tumor infil-
trating lymphocytes is associated with a better
prognosis, however, some of these patients may
still develop metastasis and disease progression.
Several additional studies have further charac-
terized these as T cells [80]. Although tumor
infiltrating lymphocyte grade is not currently part
of cutaneous melanoma staging, advances in
immunotherapy and further understanding of the
role of lymphocytic subsets may lead to changes
in future staging algorithms [81, 82].

32.5.2.5 Lymphovascular Invasion
in Primary Cutaneous
Melanoma

The identification of lymphovascular invasion in
a primary melanoma correlates with an increased
risk of metastasis [83–86] (Fig. 32.13c). Lym-
phovascular invasion is observed as the presence
of tumor cells within the lumen of a lymphatic
vessel. In some cases tumor cells may be
observed surrounding vascular structures, a
phenomenon known as “extravascular migratory
metastasis” or “angiotropism” [87, 88]. Lym-
phovascular invasion has been demonstrated as
prognostic factor in early stage melanoma [89].

32.5.2.6 Microscopic Satellites
in Cutaneous Melanoma

The identification of microscopic melanoma
metastases may occur in the tissue section with
the primary tumor (microscopic satellite), in the
skin within 5 cm of the primary tumor (satellite
metastasis) and in the skin or soft tissue in a

region between 5 cm from the cutaneous site and
the regional lymph node basin (in-transit metas-
tasis). Microscopic satellites identified in the
primary tumor tissue section are defined as a
discontinuous group or nest of melanoma cells,
greater than 0.05 mm in diameter, that are loca-
ted at least 0.3 mm from the dermal invasive
tumor mass and separated from it by normal
dermis or panniculus not affected by fibrosis or
inflammation [90]. Described as a primary tumor
prognostic factor, microscopic satellites are
associated with poor prognosis [91, 92].
The AJCC staging system includes microscopic
satellites, satellite metastases, and in-transit
metastases along with intralymphatic metastases
[93]. Primary tumor microsatellites are an inde-
pendent predictor of reduced disease-free sur-
vival in patients with positive sentinel lymph
nodes [94]. The terms “intralymphatic regional
metastases” and “in-transit metastases/satellites”
are now used to describe these patterns of local
spread [77].

32.5.2.7 Neural Involvement in Primary
Cutaneous Melanoma

Perineural invasion and neurotropism may be
observed in melanoma. Neurotropism is most
commonly associated with spindled or desmo-
plastic melanoma as an extension of tumor cells
around and within cutaneous nerves (Fig. 32.13
d). This neurotropic pattern of growth is often
accompanied by a lymphocytic infiltrate and is
most common on melanomas of the head and
neck.

32.5.2.8 Anatomic Level of Invasion
(Clark)

The level of invasion in relationship to the
anatomical boundaries of the papillary and
reticular dermis and subcutaneous fat were
originally defined by Clark in 1969 [42].
Increasing levels of invasion correlate with poor
outcome. Clark level I tumors are limited to the
epidermis, level II tumors display individual cell
and small melanoma cell nests in the papillary
dermis, level III tumors have expansile nodules
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in the papillary dermis that push upon but do not
invade the reticular dermis, level IV tumors have
tumor cells in the reticular dermis, and level V
tumors invade the subcutaneous fat. While this
metric has largely been replaced by mitogenicity
in the AJCC staging schema, Clark level remains
important in cases where mitoses are difficult to
assess due to poor processing or when tumor
thickness cannot be accurately measured due to
poor tissue orientation. In these rare cases, the
identification of melanoma in the reticular dermis
(Clark level IV) or subcutaneous fat (Clark level
V) can assist in tumor staging.

32.5.2.9 Regression in Primary
Cutaneous Melanoma

The phenomenon of regression was described by
Clark as an important prognostic indicator and it
has been associated with increased likelihood of
metastasis, even in thin melanomas [72, 95].
Regression in primary cutaneous melanoma has
the most prognostic significance when it is con-
sistently defined. Regression occurs in the radial
growth phase of the tumor and is characterized
by complete absence of melanoma cells in the
epidermis and dermis, flanked by viable mela-
noma cells. The regressed focus often displays
epidermal atrophy with underlying fibroplasia,
vascular prominence, chronic inflammation, and
melanophages. The use of less stringent criteria
for regression may contribute to the poor con-
cordance between studies of tumor regression’s
prognostic significance.

32.5.3 Melanoma Metastases
and Sentinel Lymph
Nodes

Sentinel lymph node mapping was described
over two decades ago as a minimally invasive
means of identifying microscopic metastases in
regional lymph nodes [96]. This technique
allows for more precise staging of patients with
clinically localized cutaneous melanoma. The
identification of even a single melanoma cell in a

sentinel lymph node leads to upstaging from
AJCC stage II to stage III. The anatomy of
cutaneous lymphatic drainage allows for identi-
fication of the first or sentinel lymph node to
drain a specific cutaneous site. The use of iso-
sulfan blue dye injected at the primary cutaneous
tumor site allows for identification of the drain-
ing blue lymph node in the regional lymph node
basin. This sentinel node is the most likely lymph
node to contain metastatic melanoma. The addi-
tion of lymphoscintigraphy with
technetium-99 m–(99 mTc) labeled sulfur col-
loid, followed by intraoperative identification of
sentinel lymph nodes using a handheld scanner
with a gamma-sensor probe to detect 99 mTc has
refined the technique for identifying early
regional lymph node metastases. After the hottest
lymph node is identified and the 99 mTc counts
quantified, additional lymph nodes with >10 %
of the counts of this hottest lymph node are
removed and also considered sentinel [97]. On
average, two to three sentinel lymph nodes are
removed [76, 98], if melanoma is not detected in
the sentinel lymph nodes, the remaining lymph
nodes in the basin are unlikely to contain mela-
noma [99]. Patients diagnosed with sentinel
lymph node metastases are usually offered com-
plete lymphadenectomy and adjuvant therapy,
although recently there has been a move away
from offering completion lymphadenectomy to
select patients with small sentinel lymph node
deposits.

The detection of melanoma metastases in
sentinel lymph nodes is best performed by care-
ful examination of H&E-stained tissue sections,
along with levels into the lymph nodes and IHC
(Fig. 32.14), as occasionally tumor is most
apparent on IHC sections. The diagnostic criteria
for lymph node metastasis rely upon the identi-
fication of cytological features as well as the
location and pattern of intranodal tumor spread:
(1) the presence of individual cells or nests of
epithelioid or spindled cells foreign to the lymph
node, (2) cytological atypia including large
pleomorphic nuclei with prominent nucleoli,
variable cytoplasm occasionally with dusty
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cytoplasmic melanin granules, and (3) positive
staining for one or more melanocytic markers
(e.g., S–100, MART-1, Melan-A, HMB-45,
MITF). Sentinel lymph node metastases are
identified in 15–20 % of patients who undergo
this procedure [100]. The differential diagnosis
of metastasis in this setting includes benign
melanocytic rests (nodal nevus) usually observed
in the lymph node capsule or fibrous trabeculae.
The reported frequency of these benign melano-
cytic deposits ranges from a few percent to more
than 20 % [101]. The diagnostic criteria for
benign melanocytic nevi in lymph nodes are:
(1) individual cells in a linear array or nests of
epithelioid or spindle cells foreign to the lymph
node, (2) round or oval uniform nuclei without
cytological atypia, (3) positive staining for one or
more melanocytic marker (S-100, MART-1,

MELAN-A, MITF; nodal nevi are usually neg-
ative for HMB-45), (4) identification of the cells
on H&E-stained sections, and (5) cells are usu-
ally present in the fibrous capsule or trabeculae
(Fig. 32.15). Overall these criteria allow for
distinction of nodal melanocytic nevi from mel-
anoma in most cases.

32.5.4 Melanoma at Other Sites

32.5.4.1 Ocular Melanoma
Ocular melanoma is a rare form of melanoma
representing approximately 3 % of melanomas,
compared to >90 % of melanomas arising in the
skin. Primary ocular melanoma usually arises in
the uveal tract (85 %), but may also arise in the
conjunctiva (5 %) or other ocular sites (10 %)
[102]. Uveal melanoma is distinct from cuta-
neous melanoma in that treatment is largely
based on clinical diagnosis and cytogenetic
analysis. The most common form of ocular
melanoma is that of the uveal tract, an intraocular
structure composed of the iris, ciliary body, and
choroid. The iris and ciliary body are located
anterior to the retina, and contiguous with the
choroid. The choroid, responsible for nourishing
the retina and found between the epithelium and
sclera, is composed of blood vessels, nerve
fibers, and pigmented cells within a connective
tissue matrix. Although uveal melanomas usually
arise in the choroid (90 %), they can arise in any
part of the uveal tract including the iris (4 %) and
the ciliary body (6 %) [102, 103].

Clinical diagnosis of ocular melanoma based
on ophthalmic examination, slit lamp examina-
tion, indirect ophthalmoscopy, and other ancil-
lary testing has an accuracy of more than 99 %
[104]. Ancillary diagnostic tests include ultra-
sonography, fluorescein angiography, indocya-
nine green angiography, optical coherence
tomography, fundus autofluorescence, and fine
needle aspiration (FNA). FNA allows for cyto-
logical evaluation and provides tumor cells for
genetic analysis.

Histopathologic analysis of uveal melanoma is
often based on cytological features observed on
FNA and includes assessment of cell size/shape,

Fig. 32.14 Metastatic melanoma in lymph node par-
enchyma. a The tumor is present as nests embedded
within fibrous tissue and associated with lymph node
parenchyma, b The tumor cell nuclei are large and
pleomorphic in comparison with the lymphocytes
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cytoplasmic characteristics, nuclear and nucleolar
features, degree of loss of cohesion, and propor-
tions of cell types. In the past orbital enucleation
allowed for more detailed histopathological
analysis of ocular melanomas. Three histopatho-
logical subtypes of uveal melanoma have been
described: spindle, mixed, and epithelioid (in
order of worsening prognosis) [105]. Tumors
composed predominantly of spindled cells com-
prise approximately 9 % of uveal melanomas, are
slow growing, tightly cohesive and associated
with a good prognosis. Approximately 5 % of
uveal melanomas are composed of >50 %
epithelioid cells with prominent eosinophilic
nucleoli and ample cytoplasm are usually mitot-
ically active, with dyscohesion and are associated
with a poor prognosis. Mixed tumors, with 10–
50 % epithelioid cells comprise the majority of
uveal melanomas. Vasculogenic mimicry
including the presence of closed vascular loops
back to back on Periodic Acid–Schiff (PAS) stain
is associated with increased mortality, and is
often found in association with other negative
prognostic indicators including epithelioid cell
type and increased numbers of mitotic figures
[106, 107].

Overall, important histopathologic features of
ocular melanoma include mitotic count per 40
high power fields, mean diameter of the largest 10
nucleoli, presence of vasculogenic mimicry pat-
terns including loops or other complex patterns,
tumor infiltrating lymphocytes (more than 100
lymphocytes per 20 high power fields), and tumor
infiltrating macrophages. In contrast to cutaneous
melanoma, the presence of tumor infiltrating
lymphocytes is a poor prognostic indicator in
uveal melanoma. Basal tumor diameter, tumor
height, presence of scleral invasion, and ciliary
body involvement are important factors. Com-
monly seen characteristics include rupture of

Fig. 32.15 Benign nevus rests in lymph node capsule.
b Cytologically banal nest of melanocytes are present in
the fibrous capsule surrounding the lymphnode, b the
nevic nuclei are small round to oval and uniform with
little pleomorphism, c the nodal nevus and dendritic cells
stain positively for S100, D. The nodal nevus does not
stain for HMB-45 (same field as panel c)

b
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Bruch’s membrane (87.7 %), invasion of the
retina (49.1 %), tumor cells in the vitreous
(25.2 %), vortex vein invasion (8.9 %), invasion
of tumor vessels by tumor cells (13.8 %), inva-
sion into emissary canals (55.0 %), scleral inva-
sion (55.7 %), and extrascleral extension 8.2 %
[105]. Current AJCC staging guidelines are based
primarily on tumor size and degree of extraocular
spread.

32.5.4.2 Mucosal Melanoma
Melanoma rarely arises in mucosal sites, in par-
ticular the genitourinary, oral, and sinonasal
mucosa and gastrointestinal mucosa [108–114].
These tumors have a very poor prognosis. The
in situ phase of mucosal melanomas is usually
similar to that seen in acral lentiginous mela-
noma: an often subtle lentiginous intraepithelial
melanocytic proliferation. Some mucosal mela-
nomas have more extensive intraepidermal tumor
with pagetoid spread and nesting similar to
superficial spreading melanoma. Adequate
biopsy and local control are challenges in muco-
sal sites. IHC stains may be helpful in assessing
the specimen margins [108]. The invasive com-
ponent of mucosal melanoma is usually com-
posed of nests and expansile nodules of
pleomorphic tumor cells. The tumor cells may
have epithelioid or spindled morphology, and
occasionally plasmacytoid, rhabdoid, or neural
differentiation is seen. Numerous pigment-laden
macrophages may be present, and the tumor cells
may have variable degrees of pigmentation. There
are numerous mitotic figures and extensive tumor
necrosis may be seen.

32.5.5 The Use of Immuno-
histochemistry in
Melanoma and
Melanocytic Neoplasia

32.5.5.1 Overview
IHC is a useful tool in the approach to melano-
cytic tumor diagnosis and staging. It is important
to note that there are no reliable markers that
distinguish benign from malignant melanocytic
tumors. Most of the antibodies considered to

detect “melanoma markers” actually detect
pigment-related proteins that are present in nor-
mal melanocytes, benign nevi, and melanomas.
These include Melan-A, MART-1, HMB-45,
tyrosinase, and MITF (Fig. 32.16). S100 is the
most sensitive IHC marker, present in 100 % of
nevi and >99 % of melanomas whether primary
or metastatic. The other markers show hetero-
geneous staining of 75–90 % of melanocytic
tumors. These markers may be helpful in detec-
tion of small metastases in sentinel lymph nodes
and also in discriminating metastatic melanoma
from metastases of other tumor types. It is
important to use a panel of markers when eval-
uating melanocytic proliferations because none
of these markers routinely stain 100 % of the
tumor cells. IHC stains to detect proliferation
such as Ki-67 may identify a brisk proliferative
activity in melanoma, an unusual finding in
benign nevi. Markers that highlight the vascula-
ture may aid in the detection of lymphovascular
invasion. Finally, a few rare markers may be
helpful in determining the presence or absence of
specific mutations including BRAF V600E and
BAP-1 or potential deletions such as with p16.

32.5.5.2 Cutaneous Melanocytic
Tumors

There are several settings wherein the use of
immunohistochemistry (IHC) in primary cuta-
neous melanocytic tumors is a helpful addition to
routine H&E staining: (1) evaluation of
intraepidermal melanocytic proliferations in
sun-damaged skin, (2) discrimination of spindled
and desmoplastic dermal melanocytic prolifera-
tions, (3) evaluation of proliferation in dermal
melanocytic proliferations, (4) detection of lym-
phovascular invasion, (5) evaluation of dermal
epithelioid cell proliferations, and (6) detection
of therapeutic targets.

In sun-damaged skin solar-induced cytological
atypia of keratinocytes and melanocytes may
obscure an intraepidermal melanocytic prolifera-
tion. In this setting, HMB-45 and MITF are useful
markers for highlighting the extent of the
intraepidermal melanocytic proliferation. A cy-
tokeratin stain may also be helpful in confirming
the presence of atypical keratinocytes and allow
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for the detection of nonstaining nests corre-
sponding to the MITF or HMB-45 positive mel-
anocytes. Notably, MART-1 and Melan-A stains
are sensitive cytoplasmic stains that highlight
melanocytic dendrites and in some cases may
detect keratinocytic pigmentation. These stains
may over estimate the density of an intraepider-
mal melanocytic proliferation in sun-damaged
skin.

The differential diagnosis of dermal spindled
and dendritic cell proliferations may include blue
nevus, desmoplastic melanoma, and scar. IHC
can be very helpful in this setting, the melano-
cytes of blue nevus will stain positively for S100
and HMB-45, whereas desmoplastic melanoma
is usually positive for S100 but without staining
for HMB-45, scar will not have large atypical
S100 positive cells, but may have scattered S100
positive dermal dendrocytes, scar does not stain
for HMB-45. Some authors have reported
SOX-10 as a useful stain in discriminating
desmoplastic melanoma from scar, however
recent studies have shown SOX-10 staining in
scar. The distinction of desmoplastic melanoma
from neurofibroma may also be challenging, both
have an S100+, HMB-45-immunophenotype. In
the mixed form of desmoplastic melanoma, other
melanocytic markers including MART-1 and
Melan-A may help to highlight the nondesmo-
plastic portion of the tumor.

The presence of lymphovascular invasion in
primary cutaneous melanoma is associated with a
poor prognosis [89]. It is often difficult to dis-
tinguish vascular invasion from a peritumoral
stromal retraction. Dual IHC for D240 and S100
allows for the identification of melanoma cells
within lymphovascular spaces [115] (Fig. 32.13
C). CD31 may also be helpful in the evaluation
of tumor in close apposition to vascular spaces as

described in extravascular migratory metastases
[87].

Occasionally cutaneous melanocytic prolifer-
ations are composed of dermal proliferations of
pleomorphic epithelioid cells that may raise a
broad differential diagnosis. In these cases there
may be histopathological overlap between Spitz
nevus, atypical Spitz tumor, nevoid melanoma,
spitzoid melanoma, and nodular melanoma.
There is no reliable IHC stain to routinely dis-
tinguish these cases, however in some cases the
immunophenotype may contribute to the
histopathological evaluation. HMB-45 shows a
distinctive staining pattern in benign melanocytic
nevi characterized by staining of the superficial
dermal melanocytic proliferation and diminished
staining with increasing tumor cell depth in the
dermis. No tumor cell staining for HMB-45 is
seen at the deep dermal aspect of the nevus.
Melanoma on the other hand displays a patchy
positive staining pattern for HMB-45 rather than
the gradual gradient of staining observed in nevi.
A subset of epithelioid cell melanocytic tumors
that resemble Spitz nevi or nevoid melanomas
have been described in patients with
cutaneous/ocular melanoma, atypical melanocy-
tic proliferations, and other internal neoplasms
(COMMON syndrome), these tumors display loss
of staining for BAP-1 [55]. Loss of p16 has also
been described as a prognostic factor in mela-
noma, and some observers use the absence of p16
staining to triage cases for fluorescence in situ
hybridization (FISH) analysis [116–118]. This is
based on the result that in FISH analysis
homozygous deletion of chromosome 9p21 is
associated with a poor prognosis. In these cases
p16 loss is seen immunohistochemically [119,
120]. Loss of p16, however, is not diagnostic of
homozygous 9p21 deletion; in situ hybridization

Fig. 32.16 Immunohistochemical staining in melanocy-
tic tumors. a Blue nevus, a pigmented dendritic prolif-
eration is present in the dermis, b blue nevus, the dermal
tumor also has spindled cells, the differential diagnosis
includes scar and desmoplastic melanoma, c blue nevus,
the tumor stains positively for HMB-45 in a pattern
supporting the diagnosis of blue nevus, d dermal nevus,
e dermal nevus, HMB-45 stains only the superficial

dermal tumor cells, f metastatic melanoma in a sentinel
lymph node, g a single metastatic melanoma cell is
identified on S100 stain, h nodal nevus and metastatic
melanoma, i an MITF stain highlights the banal nuclear
cytology of the intracapsular nodal nevus, in contrast to
the pleomorphic large nuclei of the melanoma present in
the subcapsular sinus

b
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is helpful to confirm the copy number status of
9p21.

An evaluation of tumor cell proliferation may
also be helpful in discriminating benign from
malignant dermal melanocytic proliferations.
Staining for Ki-67 when present in more than
20 % of the tumor cells supports a diagnosis of
melanoma. This stain is also useful in identifying
hot spots of proliferation in dermal melanocytic
tumors. In cases with a prominent inflammatory
infiltrate, it may be difficult to determine if Ki-67
is highlighting melanocytes or lymphocytes.
Dual staining for a melanocytic marker, such as
MART-1 with Ki-67 may be particularly helpful
in this setting. Importantly, melanoma may have
a low proliferation rate, therefore, the absence of
significant Ki-67 positivity does not exclude the
diagnosis of melanoma. Another stain that holds
promise is anti-phosphohistone H3 (PHH3). By
highlighting mitotic figures at any stage of
mitosis this is a highly sensitive detection
method. Additional studies that identify appro-
priate quantitative thresholds for reporting the
results of anti-PHH3 are needed before it will be
used in routine reporting of primary melanoma.

Finally, IHC staining may aid in identifying
therapeutic targets. The detection of BRAFV600E
in cutaneous melanoma or melanoma metastases
may help to guide therapy [121]. Future studies
may lead to evaluation of immune markers such as
PD-1 and PD-L1, however, the clinical utility of
these stains is yet to be demonstrated in a robust
clinical study. Staining for c-Kit does not predict
mutational status or sensitivity to tyrosine kinase
inhibitors.

32.5.5.3 Ocular Melanoma
Similar to cutaneous melanomas, melanocytic
markers are the most sensitive IHC markers for
uveal melanoma. These tumors stain uniformly
positively for S100 and HMB-45, most uveal
melanomas also stain for MART-1, MITF,
melan-A, and tyrosinase [122]. Of note, melan-A
and tyrosinase also stain normal uveal melano-
cytes in a variable manner, but with less intensity
[122]. Given the importance of identifying
mitotic figures in assessing ocular melanoma
prognosis, staining for PHH3 may help assess

mitotic count [123]. Some markers have been
ascribed prognostic significance, including cyclin
D1, which is associated with more aggressive
course and histologically unfavorable disease.
Cyclin D1 expression is present in 1–30 % of
cases and is an independent risk factor for
metastasis [124]. It is also possible to assess loss
of expression of the BAP1 gene using IHC
probes for its protein product; loss of BAP1
expression is correlated with poorer survival in
uveal melanoma [56, 125].

32.5.5.4 Melanoma Metastases
and Sentinel Lymph
Nodes

IHC is most helpful in the detection of micro-
scopic metastases in sentinel lymph nodes and in
the differentiation of metastatic melanoma from
nonmelanoma metastases. S100 is the most sen-
sitive melanoma marker, present in more than
99 % of melanomas; however, S100 is also
present in some carcinomas and sarcomas and
thus lacks specificity. Other markers of melano-
cytic differentiation, including HMB-45,
MART-1, Melan-A, and MITF, are less sensitive
(staining 75–90 % of melanomas) but are more
specific than S100. A panel of stains is the most
effective way of using these tests to assist in
arriving at the correct diagnosis.

The histopathological analysis of sentinel
lymph nodes includes the evaluation of
H&E-stained tissue sections and IHC from mul-
tiple levels of each lymph node [101, 126, 127].
While there is marked variability in analytical
platforms for the detection of melanoma in sen-
tinel lymph nodes, some common practices exist:
(1) submit the lymph node tissue entirely,
(2) perform level sections deep into the block
(beyond the initial set of tissue sections), and
(3) use IHC. S100 and either MART-1 or
Melan-A or most commonly employed; other
less frequently used markers include HMB-45
and MITF. Additionally, some laboratories apply a
cocktail of reagents including Melan-A/MART1
and HMB-45/Melan-A/Tyrosinase. Protocols that
do not include levels into the block or IHC are
associated with a false negative rate of approxi-
mately 15 % [101, 128–130]. Intraoperative frozen
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sections analysis is not a sensitive means of
detecting melanoma in lymph nodes and is not
recommended [131].

In some cases the presence of intranodal mela-
nocytic rests may present a diagnostic challenge. To
date most reports indicate that HMB-45 does not
stain nodal nevi, similar to the absence of staining for
HMB-45 deep dermal nevomelanocytes of a cuta-
neous nevus. Others have reported an absence of
Ki-67 staining in nodal nevi, leading to the adoption
of a double MART1/Ki-67 stain by some laborato-
ries [132]. MITF and SOX10 are also helpful in the
evaluation of nodal melanocytic tumors, these

nuclear stains allow for the evaluation of nuclear size
and pleomorphism.

Occasionally, melanoma metastases must be
distinguished from metastatic carcinoma or sar-
coma. Metastatic melanoma nearly always shows
at least focal staining for S100 and in more than
75 % of cases will also demonstrate staining for
other melanocytic markers including MART-1,
Melan-A, HMB-45, MITF, SOX10, and tyrosi-
nase. It is important to use a panel of markers
because S100 may be present in some carcinomas
and sarcomas and none of the melanocytic markers
is 100 % specific for melanoma (Table 32.3).

Table 32.3 Immunohistochemical markers in melanocytic neoplasia

Antibody
(protein)

Positive staining Notable negatives Comment

S100 Diffusely positive in all
nevi and primary
melanoma, >99 % of
melanoma metastases
Also positive in neural
cells, dendritic cells,
Langerhans cells, some
carcinomas and sarcomas

<1 % of melanoma metastases Highly sensitive, but not
specific for melanocytic
neoplasms, nuclear and
cytoplasmic

HMB-45
(gp100,
PMEL17)

Superficial aspect of
cutaneous nevi, blue nevi,
cutaneous melanoma,
>75 % of metastatic
melanoma
Perivascular epithelioid
cell tumor (PEComa),
Clear cell sarcoma, renal
cell carcinoma

Deep dermal nevi, nevus rests
in lymph nodes, desmoplastic
melanoma
Neurofibroma

Patchy staining in cutaneous
melanomas in contrast to
gradient of diminished dermal
staining in cutaneous nevi,
except blue nevi which are
diffusely positive
Nuclear and cytoplasmic

Melan-A
(MART-1)

Diffusely positive in all
nevi and primary
melanoma, >85 % of
melanoma metastases,
nodal nevi
PECOma, clear cell
sarcoma
A103 (Melan-A) stains
adrenal cortical tumors and
sex cord–gonadal tumors,
M2–7C10 does not

Desmoplastic melanoma
Neurofibroma

Cytoplasmic stain usually
highlights dendritic processes
of intraepidermal melanocytes

MITF Diffusely positive in nevi
and primary melanoma,
>90 % of melanoma
metastases, nodal nevi
Histiocytes, follicular
dendritic cells, mast cells,
Schwann cells, clear cell
sarcoma

Nuclear stain

(continued)
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32.6 Melanoma Staging

Melanoma staging as set forth by the AJCC is a
tumor, node, metastasis (TNM) based scheme
that segregates patients into prognostic categories
[77, 133]. To date the therapeutic response data
has little to contribute to melanoma staging,
given that historically the best therapies were
associated with complete responses in fewer than
25 % of patients. In the future, integration of
newly identified immune and molecular features
may lead to a staging scheme that segregates
tumors by predicted outcome and potential
response to specific therapy.

32.6.1 Cutaneous Melanoma

Most patients diagnosed with primary cutaneous
melanoma do not have clinical evidence of
metastases at the time of initial diagnosis. Stag-
ing in these patients is based upon the
histopathological characteristics of the primary
tumor and when appropriate evaluation of sen-
tinel lymph nodes (Table 32.4). Primary tumor
thickness, mitogenicity, and ulceration are the
principle factors in cutaneous melanoma staging.
The tumor (T) stage thickness cutoffs are 1.0,
2.0, and 4.0 mm. The mitotic count, expressed as
number of dermal mitoses/mm2 (n/mm2), repre-
sents a strong and independent prognostic factor

Table 32.3 (continued)

Antibody
(protein)

Positive staining Notable negatives Comment

Tyrosinase Superficial aspect of
cutaneous nevi, cutaneous
melanoma, >75 % of
metastatic melanoma
Clear cell sarcoma

Deep aspect of cutaneous nevi,
desmoplastic melanoma

Similar to HMB-45

SOX-10 Diffusely positive in all
nevi and primary
melanoma, >90 % of
melanoma metastases
Also positive in neural
cells, dermal dendritic cells

Follicular dendritic cells Nuclear stain

MIB-1
(Ki-67

<1 % in benign nevi and
nodal nevi
>20 % in some melanomas
Lymphocytes
Basal keratinocytes

Marker of cell proliferation

BRAFV600E Positive in a subset of
benign nevi, primary and
metastatic melanomas

Negative in a subset of benign
nevi, primary and metastatic
melanomas

Reliable correlation with
BRAFV600E mutation
sequencing results

c-KIT Present in a subset of
mucosal melanomas

Absent in most melanomas Poor correlation with c-KIT
mutation

BAP-1 Present in most nevi and
melanomas, and subset of
ocular melanoma
Present in lymphocytes

Loss in a subset of epithelioid
dermal tumors with spitzoid or
nevoid melanoma-like
features, loss in some ocular
melanoma

BAP-1 loss in cutaneous
tumors is not associated with
the poor survival that is seen in
ocular melanomas with BAP-1
loss

P16 Most cutaneous nevi
including Spitz nevi, some
melanomas

Loss in a subset of melanomas Loss of p16 may prompt FISH
analysis to look for
homozygous 9p21 deletion
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in this patient subset, particularly those with thin
<1.0 mm tumors [74, 75, 134]. The presence of
ulceration in the primary tumor has been
described as a highly significant poor prognostic
indicator as early as 1953 [135, 136]. Ulceration
upgrades the T classification from “Ta” to “Tb.”
For T1 melanomas ulceration is used along with
the presence or absence of dermal mitoses. The
anatomic level of invasion as described by
Wallace Clark has been discontinued as a pri-
mary determinant of T staging because level of
invasion loses significance when mitotic count
and ulceration are included in the analysis [77].
Currently, the presence of dermal tumor cell
mitosis and/or ulceration are used as the principle
criteria for considering a melanoma as T1b. The
Clark level of invasion is only used when the
mitotic count cannot be reliably determined due
to poor preparation of the histology slides, e.g.,

when tissue sections are cut too thick or over-
stained and mitotic figures cannot be distin-
guished, or in poorly oriented tissues where
thickness cannot be measured accurately. In the
histopathological and staging analysis, patients
with intralymphatic metastases (microscopic
satellites, satellite metastases or in-transit
metastases) without nodal metastases are classi-
fied as N2c (stage IIIB or IIIC), while those with
combined intralymphatic metastases and nodal
metastases are N3 (stage IIIC) and have a lower
survival rate (Table 32.5).

The identification of clinically occult nodal
metastases is the most important independent
predictor of prognosis in patients with stage I and
II melanoma [137]. In general, patients with
clinically localized AJCC stage Ib or greater
primary tumors are offered sentinel lymph node
sampling. Exceptions may include patients with

Table 32.4 Primary cutaneous melanoma staging (TNM, AJCC)

T1a <1.0 mm thickness, without ulceration, mitoses <1/mm2

T1b <1.0 mm thickness, with ulceration and/or mitoses > or = to 1/mm2

T2a 1.01–2.0 mm thickness, without ulceration

T2b 1.01–2.0 mm thickness, with ulceration

T3a 2.01–4.0 mm thickness, without ulceration

T3b 2.01–4.0 mm thickness, with ulceration

T4a >4.0 mm thickness, without ulceration

T4b >4.0 mm thickness, with ulceration

N0 No regional lymph node metastases detected

N1a 1 regional lymph node metastasis, micrometastasisa

N1b 1 regional lymph node metastasis, macrometastasisb

N2a 2-3 regional lymph node metastases, micrometastasisa

N2b 2-3 regional lymph node metastases, macrometastasisb

N2c 2-3 regional lymph node metastases, in-transit met(s)/satellite(s) without metastatic nodes

N3 >4 regional lymph node metastases, or matted nodes, or in-transit met(s)/satellite(s) with metastatic lymph
node(s)

M0 No detectable evidence of distant metastasis

M1a Metastases to skin, subcutaneous or distant lymph nodes

M1b Metastases to lung

M1c Metastases to all other visceral sites or distant metastases to any site combined with an elevated serum LDH
aMicrometastases are diagnosed after sentinel lymph node biopsy and completion lymphadenectomy (if performed)
bMacrometastases are defined as clinically detectable nodal metastases confirmed by therapeutic lymphadenectomy or
when nodal metastasis exhibits gross extracapsular extension
Balch et al. [77]. Reprinted with permission. © 2009 American Society of Clinical Oncology. All rights reserved
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very thin tumors and only one mitosis. In the
current AJCC guidelines, the diagnosis of meta-
static melanoma may be made if one or more
melanoma cell is identified on any tissue section,
whether stained with H&E or with IHC [77].
Patients with sentinel lymph node metastases are
generally offered completion lymphadenectomy
and adjuvant therapy.

The aims of sentinel lymph node biopsy
include staging and regional disease control.
Complications occur in 4–10 % of patients
compared to the complication rate of 23–37 %
associated with complete lymph node dissection
[138]. The false negative rate is estimated to be
less than 5 % [139]. The recurrence rate for
patients with positive sentinel nodes and

subsequent completion lymphadenectomy is less
than 10 %, in contrast to reported recurrence
rates of 20–50 % in patients with lymphadenec-
tomy for clinically palpable tumor [138, 140].
Nevertheless, a clear survival benefit of sentinel
lymph node mapping has not been demonstrated
in a statistically robust randomized trial [141].
On the other hand, the staging and prognostic
value of sentinel lymph node status is not dis-
puted. Tumor burden, regardless of the method
of measurement, has been demonstrated to cor-
relate with risk of positive lymph nodes in the
remainder of the basin, and also with overall
survival [142–144]. Most patients with regional
lymph node metastases (AJCC Stage III) have
micrometastases detected histopathologically,

Table 32.5 Anatomic stage groupings for cutaneous melanoma (AJCC 7th edition)

Clinical Staginga Pathologic Stagingb

T N M T N M

0 Tis N0 M0 0 Tis N0 M0

IA T1a N0 M0 IA T1a N0 M0

IB T1b
T2a

N0
N0

M0
M0

IB T1b
T2a

N0
N0

M0
M0

IIA T2b
T3a

N0
N0

M0
M0

IIA T2b
T3a

N0
N0

M0
M0

IIB T3b
T4a

N0
N0

M0
M0

IIB T3b
T4a

N0
N0

M0
M0

IIC T4b N0 M0 IIC T4b N0 M0

III Any T N > N0 M0 IIIA T1–4a
T1–4a

N1a
N2a

M0
M0

IIIB T1–4b
T1–4b
T1–4a
T1–4a
T1–4a

N1a
N2a
N1b
N2b
N2c

M0
M0
M0
M0
M0

IIIC T1–4b
T1–4b
T1–4b
Any T

N1b
N2b
N2c
N3

M0
M0
M0
M0

IV Any T Any N M1 IV Any T Any N M1
aClinical staging includes microstaging of the primary melanoma and clinical/radiologic evaluation for metastases. By
convention, it should be used after complete excision of the primary melanoma with clinical assessment for regional and distant
metastases
bPathologic staging includes microstaging of the primary melanoma and pathologic information about the regional lymph nodes
after partial (i.e., sentinel node biopsy) or complete lymphadenectomy. Pathologic stage 0 or stage IA patients are the exception;
they do not require pathologic evaluation of their lymph nodes
Balch et al. [77]. © 2009 American Society of Clinical Oncology. All rights reserved
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only 20 % of patients are diagnosed with clini-
cally detectable macrometastases. The 5-year
survival for patients with histopathological and
clinical detection of regional lymph node
metastasis is 67 and 43 %, respectively. Patients
with microscopic metastases have widely varied
prognosis; in these patients multivariate analysis
reveals that the number of tumor-containing
lymph nodes, total metastasis size, primary
tumor thickness, ulceration, tissue site, and
patient age are independent predictors of sur-
vival. On the other hand, for patients with nodal
macrometastases independent predictors of sur-
vival are number of tumor-containing nodes,
primary tumor ulceration, and patient age.

Elevation of serum lactate dehydrogenase
(LDH) has been identified as an independent and
highly significant predictor of survival in patients
with stage IV melanoma. LDH and the site of
distant metastasis are used to define the M cate-
gories. M1a includes patients with metastases to
the skin, subcutaneous tissues, nonregional
lymph nodes and with a normal serum LDH.
M1b includes patients with metastases to the
lung and normal LDH levels. M1c is used for
patients with elevated serum LDH and/or visceral
metastases (other than the lung) [77]. While the
number of metastases has been documented as an
important prognostic factor, this was not inclu-
ded in the current schema due to significant
variability in the use of tests to detect distant
metastases.

32.6.2 Ocular Melanoma

Uveal melanoma differs from cutaneous mela-
noma; there is no in situ component or basement
membrane zone invasion. Lymphatics are not
present in the eye, metastases occur hematoge-
nously usually to liver, lung, and bone. The
mortality rate at 15 years is approximately 50 %,
and over 93 % of patients who die have liver
metastases [145]. The location of uveal mela-
noma is of prognostic significance. Tumors of
the iris have the best prognosis, followed by
choroidal melanoma, with ciliary body melano-
mas having the worst prognosis. The AJCC
Staging of uveal melanoma takes into account
tumor diameter, thickness, degree of ciliary or
extraocular involvement, and presence of nodal
or distant metastases (Fig. 32.17; Table 32.6).

32.6.3 Mucosal Melanoma

Melanoma arising in mucosa of the head and
neck, genitourinary tract, and gastrointestinal
tract is rare. The AJCC describes a staging
scheme for mucosal melanoma of the head and
neck that is based on the extent of tumor inva-
sion, regional and distant metastases. The pri-
mary tumor T stage is defined as T3: mucosal
disease, T4a: moderately advanced disease
involving the deep soft tissue, cartilage, bone or
overlying skin, and T4b: very advance disease

Largest basal diameter  (mm)

Thickness
(mm)

Fig. 32.17 AJCC T stage of ciliary body and choroid
uveal melanoma based on largest basal diameter and
thickness in millimeters. X-axis is largest basal diameter,

and Y-axis is thickness in millimeters (mm). Size
categorization into categories 1–4 is then used in TNM
staging and prognostic groups (see Table 32.6)
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involving brain, dura, skull base, lower cranial
nerves (IX, X,XI,XII), masticator space, carotid
artery, prevertebral space, or mediastinal struc-
tures. Regional lymph nodes are defined as NX:
regional lymph nodes cannot be assessed, N0: no
regional node metastasis, and N1: regional lymph
node metastasis present. Distant metastases are
defined as M0: No distant metastasis, and M1:
distant metastasis present. Patients with mucosal
melanoma of the head and neck without exten-
sion to underlying or overlying structures and
without lymph node or distant metastases are
Stage III; patients with locally infiltrative disease
and/or metastases have Stage IV melanoma.

32.7 The Molecular Pathology
of Melanoma

32.7.1 Cutaneous Melanoma

Recent breakthroughs in the understanding of the
molecular pathogenesis of melanoma have driven
unprecedented advances in melanoma treatment.
Melanoma is derived from melanocytes,
pigment-synthesizing neural crest derived cells.
Melanocytes in the skin function to synthesize
melanin and transfer mature melanosomes to
keratinocytes via extensive cytoplasmic dendritic
processes. The pigments produced by

melanocytes have been classified as pheomelanin
(red/blonde) and eumelanin (brown/black).
Pheomelanin has been associated with an
increase in reactive oxygen species in the skin,
whereas eumelanin may provide UV protection
[146]. UV light-induced DNA damage is fol-
lowed by stabilization of p53 and activation of
the proopiomelanocortin (POMC) gene [147,
148]. Posttranslational processing of POMC into
small peptides, including melanocyte-stimulating
hormone (MSH), leads to stimulation of the
melanocortin receptor 1 (MC1R) in melanocytes.
Activated MC1R leads to melanocytic cyclic
adenosine monophosphate induction and stimu-
lation of microphthalmia-associated transcription
factor (MITF).

MITF, known as the master regulator of mel-
anocyte development, is responsible for activa-
tion of pigment producing enzymes (including
HMB-45 and MART-1) and melanosome pack-
aging and secretion [149]. Genomic amplification
of MITF activates melanoma oncogenes [150].
MITF also directly regulates the antiapoptotic
genes BCL2 and BCL2A1 and the cell cycle
regulator CDK2 [151]. MITF is directly phos-
phorylated by mitogen-activated protein kinase
(MAPK) and is thus linked to BRAF and NRAS
[152].

Multiple molecular events occur in the devel-
opment of melanoma from melanocytes, includ-
ing mutation and amplification of oncogenes.
Several such oncogenes have been described to
lead to activation of signaling pathways that
control proliferation, survival, and angiogenesis
in melanoma. The serine/threonine kinase BRAF
is mutated in approximately 50 % of melanomas
and nevi [153]. The most common mutation is an
exchange of glutamic acid for valine at the 600
position in the kinase domain (V600E). Other
mutations at V600 (V600K) have been described.
Mutations at this site account for more than 90 %
of BRAF mutations in melanoma and are associ-
ated with constitutive activation of the MAPK
pathway [154, 155]. NRAS mutation is observed
in 15–25 % of patients with melanoma and con-
genital nevi and is usually mutually exclusive to
BRAF mutation [154]. NRAS is regulated by the
tumor suppressor gene neurofibromin 1 (NF1)

Table 32.6 Uveal melanoma anatomic stage and prog-
nostic groups

Stage I T1a N0 M0

Stage IIA T1b-d
T2a

N0 M0

Stage IIB T2b
T3a

N0 M0

Stage IIIA T2c-d
T3b-c
T4a

N0 M0

Stage IIIB T3d
T4d-e

N0 M0

Stage IIIC T4d-e N0 M0

Stage IV Any T
Any T

N1
Any N

M0
M1a-c

T stage as seen in Fig. 32.17. a-d are varying degrees of
ciliary and extraocular involvement
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and mutations of NF1 may also be associated
with activation of the MAPK and
phosphoinositol-3-kinase (PI3K) pathways [156,
157]. The tyrosine kinase receptor c-Kit is most
commonly mutated in acral lentiginous and
mucosal lentiginous melanoma, although in a
minority of cases [158–162]. c-Kit mutations are
usually seen in the transmembrane domains
coded in exons 11 and 13 and lead to constitutive
activation of the receptor. Signal transducing
G-protein-coupled receptors are mutated in most
patients with uveal melanoma. Activating muta-
tions in GNAQ and GNA11 lead to protein kinase
C activation, MEK phosphorylation, and trig-
gering of the MAPK pathway [163, 164]. GNAQ
mutations are also common in blue nevi [163].
Mutations in phosphatase and tensin homologue
(PTEN) are found in 25 % of melanoma patients,
usually along with mutant BRAF [165]. PTEN
loss has been associated with PI3 K signaling
leading to reduced effectiveness of BRAF inhi-
bitor therapy [166]. HRAS mutations have been
described most commonly in Spitz nevi, but in
fewer than 20 % of these tumors.
BRCA1-Associated Protein1 (BAP-1) is a tumor
suppressor that has been found to be mutated in
atypical epithelioid Spitz tumors/nevoid mela-
noma and uveal melanoma [55, 167–170].

Dysregulation of the cell cycle is common in
melanoma. The most common abnormalities are
in p16INK4A expression or function. More than
50 % of melanomas have deletion or mutation of
CDNK2A which codes for p16INK4A and loss of
p16 occurs in approximately 15 % of cases [171,
172]. p16INK4A is a cyclin-dependent kinase
(CDK) inhibitor, and dysregulation leads toCDK4
overexpression and cell cycle abnormalities.

Abnormalities in the above-noted genes lead
to dysfunction in cell signaling pathways.
The MAPK signaling pathway plays a critical
role in the pathobiology of melanoma [154].
Canonical activation of the MAPK pathway
begins with cell surface receptor–ligand
engagement which leads to RAS activation, and
binding of activated RAS to BRAF triggers
dimerization and activation of the RAF serine–
threonine kinase domain [173]. RAF phospho-
rylates MAPK kinase (MEK) and activated MEK

leads to activation of extracellular signal–regu-
lated kinase (ERK). ERK activation results in
cell cycle progression and survival. In the setting
of BRAF mutation the CDK inhibitor p27KIP1 is
downregulated and cyclin D1 is constitutively
activated leading to increased cell proliferation
[174]. MAPK signaling also leads to reduced
apoptosis in melanoma. The PI3 K pathway
results in Akt activation which also promotes cell
proliferation, increased cell survival and angio-
genesis. PI3 K pathway activation may occur via
NRAS activation, NF1 mutation, AKT amplifi-
cation, or loss of PTEN function [175]. The Wnt
pathway activator nuclear β[beta]-catenin is
detected in nearly 30 % of melanomas [176,
177]. Targeted therapy has shown great promise
in patients with metastatic melanoma based on
the molecular abnormalities described above.
Similarly, resistance mechanisms have been
elucidated through identification of cross talk
between signaling pathways.

Epigenetics is defined as the processes leading
to changes in gene expression other than those
caused by alterations in the DNA sequence. The
epigenome determines which genes are expressed
or kept silent through altering chromatin structure
by covalent modification of DNA bases or histone
proteins, or regulating mRNA translation through
noncoding RNA. Cancer pathogenesis is directed,
in part, through dysregulated DNA methylation,
DNA demethlyation/hydroxymethylation, his-
tone modification, and noncoding RNAs. It is
hypothesized that the epigenome may thus pro-
vide a link between hardwired genetics and fac-
tors such as environment and aging.

DNA methylation occurs on cytosine residues
preceding guanine on the ipsilateral strand form-
ing CpG pair. Regions enriched in CpG repeats
are termed CpG islands and tend to cluster near
gene promoters [178]. For the most part promoter
methylation is associated with gene silencing
[179]. Hypermethylation of CDKN2a occurs in
melanoma and is associated with increased pro-
liferation and reduced patient survival [180]. In
contrast to DNA methylation, DNA demethyla-
tion is poorly understood. The first step appears to
be oxidation of 5-methylcytosine (5-mC) to
5-hydroxymethylcytosine (5-hmC) via the Ten
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Eleven Translocase (TET) family dioxygenase
enzymes [181]. The activity and expression of
5-hmC and TET are tightly regulated during
embryonic stem cell differentiation. TET may be
considered a guardian of the epigenome due to its
role in maintaining DNA methylation fidelity
through enabling DNA demethylation repair
[182]. Loss of TET function and 5-hmC with
hypermethylation of tumor suppressor genes may
have a role in melanocytic tumor progression.
Indeed, loss of 5-hmC is observed immunohis-
tochemically with melanoma tumor progression;
5-hmC is expressed in high levels in benign nevi
[183]. Histone modifications may activate or
silence transcription by controlling the access of
DNA to the transcriptional machinery [184].
Histone hypoacetylation downregulates
proapoptotic proteins including the Bcl-2 family
(Bim, Bax and Bak) as well as tumor suppressor
genes that negatively regulate the PI3 K signaling
pathway [185, 186]. Aberrant histone methyla-
tion may lead to loss of p16 in melanoma via
increased expression of EZH2 [187]. Noncoding
RNAs comprise more than 90 % of the genome
[188, 189]. Those noncoding RNAs less than 200
nucleotides in length are termed microRNAs
(miRNAs) and those between 200 and 200 kilo-
bases in size are termed long noncoding RNAs
(lncRNAs) [190]. Numerous miRNAs have been
described in melanoma with wide ranging effects
including tumor suppression, pro-oncogenic, and
prometastatic. miR-200c is reported to be down-
regulated in primary melanomas and metastases
compared to nevi [191]. miR-200c overexpres-
sion downregulates Bmi-1 and inhibits melanoma
metastasis in vitro. miR-1908, miR-199a-5p, and
miR-199a-3p target apolipoprotein E which sup-
presses invasion and metastasis [192]. Patients
with elevated levels of these miRNAs in their
primary tumors have shorter metastasis-free sur-
vival. Similar to miRNAs, lncRNAs may promote
melanomagenesis via tumor suppression,
pro-oncogenic and prometastatic functions.
HOTAIR is an lncRNA that is overexpressed in
metastatic melanoma compared to primary
tumors. The lncRNA may facilitate changes to
chromatin structure through scaffolding interac-
tions with histone-modifying enzymes [193].

Overall, as the melanoma epigenome continues to
unfold this knowledge is likely to translate into
significant therapeutic breakthroughs in the
treatment of melanoma.

In addition to providing targets for develop-
ment of novel therapies, cytogenetic analysis
may aid in the discrimination of benign from
malignant melanocytic proliferations. The gold
standard for diagnosis is histological evaluation
of H&E-stained tissue sections, and this analysis
yields the correct diagnosis in most cases. There
exists, however, a subset of melanocytic prolif-
erations with diagnostically challenging
histopathological features for which even experts
cannot arrive at a consensus diagnosis. Advances
in molecular and cytogenetic analysis have
gained popularity in this realm.

Comparative genomic hybridization (CGH) is
a method that evaluates copy number changes in
the genome. CGH may be performed on
formalin-fixed, paraffin-embedded tissues, how-
ever, the amount of tumor tissue needed may
exceed that available for small melanocytic
tumors. In cases where sufficient tumor DNA is
isolated, most melanomas display chromosomal
aberrations, including copy number gains of 1q,
6p, 7, 8q, 17q, and 20q and losses of chromo-
somes 6q, 8p, 9p, and 10q [194, 195]. Nevi
generally do not have copy number variations
detected by CGH with the exception of spindled
and epithelioid cell nevi (Spitz) which may have
gains at 11p or loss of chromosome 3 [168, 196,
197]. Although generally the above distinctions
exist for many cases, even lethal melanomas
occasionally will not have aberrations detected
by CGH. Cytogenetic results should be evaluated
as one of many factors including the findings on
routine histology, the clinical features, and
occasionally IHC results.

Fluorescence in situ hybridization (FISH) uses
oligonucleotide probes to detect specific chro-
mosomal targets. This method can also be per-
formed on formalin-fixed, paraffin-embedded
tissues and has the advantage over CGH of
requiring less tumor tissue. In contrast to the
genome-wide, unbiased approach of aCGH,
FISH analysis is limited to only 4–6 preselected
targets. FISH probes may target the centromeric
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region of a specific chromosome, allowing for
copy number analysis, or may target a specific
sequence, such as CDKN21 (p16) on 9p21 [198].
Recent advances have led to the development of
FISH tests that identify genomic abnormalities in
melanocytic tumors [119, 120, 199]. While sin-
gle deletions of 9p21 may be seen in benign nevi,
homozygous deletions are rare. The use of FISH
to evaluate tumors for homozygous deletion of
9p21 has significantly increased the sensitivity of
this test for melanoma. Additionally, the use of
markers to detect multiple distinct chromosomes
allows for the detection of tetraploidy, reducing
the risk of false positives that occur when only
one or two chromosomes are targeted. FISH test
targets include RREB1 on 6p25, MYC on 8q24,
p16 on 9p21, CCND1 on 11q13, MYB on 6q23
and Cen9, targeting the chromosome 9 cen-
tromere. Copy number gains in MYC and
CCND1 correlate with poor prognosis, and
homozygous deletion of p16 strongly supports
the diagnosis of melanoma [120, 199]. Limita-
tions of the technology are the interobserver
variations in analyzing the nuclei for FISH sig-
nal, variations in cutoff values considered to
represent a positive test, and technical variability.
FISH tests that target chromosome 3 may be
useful in evaluating uveal melanoma and also in
the evaluation of nevoid melanomas and spitzoid
melanocytic tumors in patients with
cutaneous/ocular melanoma, atypical melanocy-
tic proliferations, and other internal neoplasms
(COMMON syndrome) [55, 168–170, 200].
FISH analysis of EWSR1 translocation 22q21 is
also helpful in the diagnosis of clear cell sarcoma
[201].

32.7.2 Ocular Melanoma

Improved understanding of the genetic muta-
tions, chromosomal aberrations, and alterations
in gene expression profiles have resulted in a
dramatically improved ability to prognosticate
ocular, particularly uveal, melanomas. Although
somatic mutations in BRAF and NRAS are often
found in cutaneous melanoma, the mutational
profile of uveal melanoma differs significantly.

There are three common gene mutations identi-
fied in uveal melanoma: GNAQ [164], GNA11
[163], and BAP1 [200]. Mutation in GNAQ, a
gene coding for a Gαq stimulatory subunit, is an
early event in tumorigenesis and is present in
46 % of uveal melanomas. Mutations occur
almost exclusively in codon 209 of the protein’s
Ras-like domain, resulting in constitutive acti-
vation and transformation the GNAQ gene into a
dominant oncogene [164]. GNA11, a paralogue
of GNAQ, is mutated in 32 % of primary uveal
melanomas and 57 % of uveal melanoma
metastases. Of note, mutations of GNAQ and
GNA11 are mutually exclusive [163]. Finally,
inactivating somatic mutations of BAP1
(BRCA1-associated protein 1; located on chro-
mosome 3p21.1) are believed to be a key event in
development of metastatic potential in uveal
melanoma. Although GNAQ mutations occur
early in melanomagenesis and do not correlate
with prognosis, BAP1 mutations are strongly
associated with poor outcome. Studies have
shown significantly lower expression levels in
tumors that metastasize as compared to those that
do not [200].

Karyotypic analysis has revealed recurrent
abnormalities on chromosomes 3, 6, 8, and 1
[202]. Abnormalities in these chromosomes,
particularly chromosome 3, have been found to
be predictive of metastatic potential and patient
outcome [202–204]. Monosomy 3 is present in
50 % of uveal melanomas overall [202, 205].
Loss of chromosome 3 is seen in 70 % of uveal
melanomas that metastasize, but only 20 % in
those that do not [204]; it hence correlated with
metastatic disease and poor survival [202, 203,
206]. Of note, monosomy 3, associated with poor
prognosis and increased metastatic potential, and
gain of 6p, which correlates with improved
prognosis, are mutually exclusive. Because both
occur early in tumorigenesis, this suggests an
early bifurcation in the path toward melanoma
and metastasis [207].

Gene expression profiling is a powerful tool,
and has allowed separation of uveal melanomas
into two classes: class 1, low grade tumors with
low risk of metastasis, and class 2 tumors, high
grade tumors with high risk of metastasis. These
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tumor types have markedly different clinical
profiles: type 1 tumors have a 92-month survival
rate of 95 %, while class 2 have a survival rate of
31 % [208, 209]. Of note, 85 % of class 2 tumors
have BAP1 mutation; BAP1 mutation may her-
ald conversion to class 2 [200]. In uveal mela-
noma, gene expression profiling has been shown
to be superior to both chromosomal analysis and
immunohistochemical analysis in predicting
patient outcomes [210, 211], and has the added
advantage that it can be performed on small
amounts of tissue acquired via fine needle aspi-
ration [212].

32.8 Summary

Melanoma has significant societal impact because it
affects patients at a relatively young age and when
found to be metastatic there is no reliably effective
treatment. The histopathological findings in the
primary tumor are the principle factors that deter-
mine treatment, guiding surgical plans, and in some
cases adjuvant therapy. Melanoma staging is
dependent upon histological features observed in
routinely processed formalin-fixed and
paraffin-embedded tissue sections. Promising recent
discoveries in the pathogenesis of melanoma and
identification of distinct molecular phenotypes may
lead to the development of molecularly based
staging schemas. Current research studies promise a
more molecularly integrated approach to melanoma
treatment in the future.
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