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      Preface to Molecular Surgical Pathology, 
First Edition (Springer, NY) 

    Molecular pathology is a driving force towards personalized medicine and is 
already an integral part of current surgical pathology practice. High expecta-
tions of excellence in surgical pathology exist in this era of genomic medicine 
as speci fi c genetic alterations become amenable to tailored personalized ther-
apy. The role of the surgical pathologist involves more than just providing an 
accurate diagnosis, but also involves developing strategies for effective 
genomic characterization and integrating various ancillary test results neces-
sary for disease prognosis and clinical management. Fundamental knowledge 
and understanding of molecular pathogenesis and pathways of human dis-
eases, as well as molecular diagnostic tools, are essential for the daily prac-
tice of surgical pathology. 

 The goal of this new textbook is to provide a concise review of recent 
advances in molecular pathology for each organ system. This book is not 
intended to replace comprehensive sources of existing pathology textbooks 
that have heavily emphasized morphologic criteria. This is intended to be a 
“ fi rst knowledge base” in a rapidly evolving  fi eld, organized in a user friendly 
outline format. 

 The specialty of surgical pathology has grown enormously as a result of 
recent breakthroughs in molecular pathology such as testing for predictive 
cancer biomarkers, decoding of cancer molecular pro fi les, and next genera-
tion sequencing for entire genomes. In this volume, we will discuss how the 
advent of genomic medicine, disruptive technological innovations, and tar-
geted cancer therapies have impacted our understanding of the disease pro-
cess, created paradigm shifts in cancer treatment, and revolutionized our 
practice of surgical pathology in an unprecedented manner. The text is 
authored by leading international experts. Each chapter is organ-based and 
covers important aspects of molecular pathology with emphasis on their 
impact to daily surgical pathology practice. The topics presented herein con-
stitute fundamental and core basic knowledge required for surgical 
pathologists. 

 The book consists of 17 chapters covering the molecular pathology of 
tumors from major organ systems, including colorectal cancer, pancreatic 
cancer, liver tumors, gallbladder cancer, lung cancer, breast cancer, ovarian 
cancer, kidney tumors, prostate cancer, urinary bladder cancer, testicular can-
cer, cutaneous melanoma and nonmelanoma skin cancer, head and neck 
cancer, soft tissue and bone tumors, brain tumors, and endocrine cancer. 
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A detailed table of contents is provided at the beginning of each chapter for 
quick reference. This book focuses on the practical utility of molecular tech-
niques and on molecular biomarkers for the practicing surgical pathologist. 
The emphasis is on the impact of molecular pathology for tumor classi fi cation, 
diagnosis and differential diagnosis, as well as its implications for patient 
management and personalized care. Numerous tables, diagrams, and color 
illustrations are included. Given space limitations, basic molecular biology 
techniques and principles of molecular genetics are not covered in this text. 
Readers are encouraged to consult other textbooks focusing on basic con-
cepts and principles of molecular biology. Selected references are provided in 
the Suggested Reading section for each chapter. 

  Molecular Surgical Pathology  is designed for use by pathologists in train-
ing and by surgical pathologists in their daily practice. There is increasing 
emphasis on knowledge of molecular pathology by the American Board of 
Pathology. This book will serve as a practical, readily accessible source of 
information for pathologists who are preparing for Board and in-service 
examinations. It is our hope that this book will also be a unique and invalu-
able resource for medical oncologists, treating physicians, other medical pro-
fessionals, and basic research scientists who have an interest in the molecular 
pathology of human cancer. 

 We are greatly indebted to all individuals who have been involved in the 
preparation of this book. Our profound gratitude goes to the contributing 
authors who have shared their knowledge and experience with our readers 
and with us. We express our appreciation to Ms. Tracey Bender for her out-
standing and ebullient editorial assistance. We also thank the dedicated and 
talented staff at Springer, especially Richard Hruska, Maureen Alexander, 
Michael Doblados, Joseph Quatela, and supportive colleagues who have 
given invaluable support throughout the development and production of this 
book. 

Indianapolis, IN, USA Liang Cheng, MD
 John N. Eble, MD  
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      Introduction 

    Colorectal cancer is one of the most inten-• 
sively studied cancer types, partly because of 

its high prevalence but also because of the 
existence of precursor lesions, known as ade-
nomas, which can be detected endoscopically 
and removed. Theoretically, removal of these 
adenomas would prevent most cases of col-
orectal cancer from developing     
  Characteristic morphological steps in the • 
evolution of these precursor lesions have been 
elucidated at a molecular level and the 
adenoma–carcinoma sequence, as this has 
become known, is one of the classical exam-
ples of stepwise progression of cancer. Gaining 
this knowledge has been facilitated by the 
occurrence of a variety of forms of familial 
intestinal cancer, the molecular genetic back-
ground of which has been largely clari fi ed  
  Apart from early detection of familial forms • 
of colorectal cancer and its use in genetic 
counseling, until recently this knowledge has 
had little impact on the clinical management 
of colorectal cancer. Classical clinicopatho-
logical parameters remain the essential param-
eters determining how a colorectal patient will 
be treated. This has dramatically changed in 
the last  fi ve years. With drugs speci fi cally 
targeting the EGF receptor having been shown 
effective in colorectal cancer, mechanisms 
responsible for resistance have been explored. 
The  fi nding that  KRAS -mutated cancers do not 
respond to anti-EGFR treatment has had a 
profound impact on clinical management and 
on molecular diagnostics of colorectal cancer  
  With new targeted drugs in the pipeline it is • 
highly likely that companion diagnostics will 
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go through a period of explosive development. 
In this chapter we will discuss the biology of 
intestinal mucosa and its disturbance in cancer  
  We will review cancer family syndromes and • 
the impact of understanding these on a molec-
ular level has had on our understanding of 
colorectal cancer. Finally we will review how 
molecular diagnostics now contribute to the 
clinical management of colorectal cancer and 
what can be expected in this  fi eld in the near 
future     

   The Biology of Intestinal Mucosa 

   Overview of Renewal 
and Differentiation of Intestinal Mucosa 

    Intestinal mucosa is a highly dynamic tissue, • 
of which the entire epithelial lining is renewed 
every 3–4 days. The basic architecture of the 
mucosal epithelium consists of crypts, tube-
like pits lined by epithelial cells. The surface 

of the large bowel is  fl at, that of the small 
bowel beset with villi, which increases the 
resorptive surface (Fig.  1.1 )   
  Crypt epithelium is in principle a monoclonal • 
cell population derived from a single crypt base 
stem cell. The stem cell division is asymmetri-
cal: one of the daughter cells remains a stem 
cell; the other develops into a proliferative cell 
type that expands the epithelial cell population 
in a proliferation zone just above the bottom of 
the crypt. The crypt stem cell gives rise to dis-
tinctly different mature epithelial cells:

   Enterocytes –
   Have a predominantly resorptive function  • 
  Are characterized by the presence of a • 
brush border at the luminal surface of the 
cell which increases its resorptive surface  
  Speci fi cally express villin, a brush-border-• 
associated molecule     

  Goblet cells –
   Are responsible for the production of • 
mucins, water binding proteoglycans 
resulting in a viscous layer of mucus on 

  Fig. 1.1       Architecture and cell types of intestinal mucosa. 
( A ) Atereomicroscopical image of the normal intestinal 
mucosa. Note the villous surface; ( B ) microscopical 
image of the small intestinal mucosa. The villus and 
crypt compartments are clearly discernible; ( C ) mucosal 
crypt of the colon, ( D ) stained for proliferating cells 
(Ki67). The proliferating compartment is in the bot-
tom of the crypts. ( E ) cell types occurring in the nor-

mal intestine: in the bottom of the crypt Paneth cells 
with striking eosinophil granules ( a ), mostly in the 
lower half of the crypt neuroendocrine cells ( b ). Stained 
with an antichromogranin antibody and towards the 
upper half of the crypt goblet cells and enterocytes ( c ). 
Stained with PAS stain which stains the mucin vacuole 
in the goblet cells and the brush border of the entero-
cytes  red        
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the mucosal surface. Characteristic for 
intestinal goblet cells are MUC1, 
MUC2, and MUC6     

  Endocrine cells –
   Secrete peptide hormones and bioactive • 
amines (such as serotonine)  
  Express endocrine speci fi c markers • 
including proteins associated with neu-
roendocrine granules (chromogranin A) 
or presynaptic vesicles (synaptophysin)     

  Paneth cells –
   Reside in the crypt basis  • 
  Are involved in innate immunity of the gut  • 
  Are characterized by cytoplasmic granules • 
which contain lysozyme and defensins, 
proteins involved in the innate defense 
against bacteria, which can be used to 
immunohistochemically stain them  
  Elaborate peptide hormones, which • 
exactly depending on the cell type and the 
speci fi c localization of the cell in the gut        

  The crypt stem cell is morphologically indis-• 
tinct. Recently, markers have been identi fi ed 
which can be used to identify crypt stem cells

   Lgr5, an intestinal speci fi c transcription factor,  –
appears to be a reliable crypt stem cell marker     

  It is likely that the Lgr5 expressing cell repre-• 
sents the stem cell responsible for regular renewal 
of intestinal and gastric epithelium. In case of 
increased need for epithelial cell renewal, such 
as in in fl ammatory conditions, additional stem 
cells are recruited. These facultative stem cells 
are less numerous and as yet ill characterized     

   Molecules Involved in Growth 
and Differentiation of (Transformed) 
Intestinal Epithelial Cells 

    Two signaling pathways play an important • 
role in the differentiation of (normal or trans-
formed) intestinal epithelial cells. Wnt signaling 
is of crucial importance in maintaining normal 
mucosal architecture and differentiation and it 
is no surprise that disturbance of Wnt signaling 
is a key element in colorectal carcinogenesis. 
How Wnt maintains mucosal architecture is 
schematically illustrated in Fig.  1.2    
  Wnt signaling• 

  Fig. 1.2    Role of the Wnt pathway in the maintenance of pro-
liferation, differentiation, and migration of intestinal mucosa.   
Interaction between Wnt-induced Ephrin B receptors and 
EphB ligands direct cellular localization and migratory 
behavior within the crypt. A gradient of Ephrin B1/B2 ligands 
exists within the crypt with cells at the crypt–villus junction 
expressing high levels of these molecules. An opposing gradi-

ent of EphB2 expression exists beginning at the crypt base. 
Thus the level of Ephrin B ligand and Wnt-induced EphB 
expression determines cell location. Paneth cells express 
EphB3 and no Ephrin B ligands, which restricts the location 
of these cells to the crypt base. (adapted from Scoville Current 
view: intestinal stem cells and signaling. Gastroenterology 
2008;134:849–864)       
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   Wnt signaling is active in the crypt stem cell   –
  Active Wnt signaling leads to an expansion  –
of the populations of undifferentiated and 
Paneth cells and a complete loss of goblet 
and enterocyte progenitors  
  Silencing of the Wnt pathway occurs with  –
migration of the proliferative cell upward 
in the crypt, the phenotype of the cell 
switching from a proliferative to a speci fi c 
functional state  
  Absence of Wnt signaling induces a com- –
plete loss of undifferentiated and Paneth 
cells  
  An   – APC  gene mutation in the Wnt pathway 
is responsible for familial adenomatous 
polyposis (FAP)  
  In about 90% of colorectal carcinomas the  –
Wnt pathway is abnormally active, either 
through a mutation in  APC  or to a mutation 
in the  b -catenin gene  
    – b -catenin purportedly accumulates in the 
nucleus of clonogenic cells in the invasion 
front of the tumor, from where tumor 
metastases arise     

  Notch signaling• 
   Stimulates the proliferation of crypt stem cells   –
  Stimulates differentiation of the absorptive  –
lineage  
  Appears to be constitutively activated in  –
CRC but the mechanisms involved are 
insuf fi ciently explored         

   Clinical and Molecular Features 
of Colorectal Cancer 

   General Principles of the Molecular 
Biology of Colorectal Cancer 

    Colorectal cancer is one of the cancer types • 
following the principles of stepwise progres-
sion, which is illustrated in Fig.  1.3  

   Initially a benign precursor lesion (adenoma)   –
  Progression to an invasive lesion  –
(adenocarcinoma)  
  With  fi nally metastatic potential (metastatic  –
adenocarcinoma)     

  In colorectal cancer, this arises• 

   In an intestinal clonogenic precursor cell  –
(crypt base stem cell)  
  Through the accumulation of a combina- –
tion of abnormalities in the genome allowing 
uncontrolled proliferation, incapacity for 
apoptosis and ultimately invasive and 
metastatic propensity     

  Early key roles are played by• 
   An inactivating mutation in the   – APC  gene 
with subsequent silencing (epigenetic or 
through allelic loss) of the second allele  
  Activating mutations in the   – KRAS  gene  
  Mutations in the   –    TP53  gene and in the 
TGF b  pathway, which are important in 
progression towards malignancy        

   Colorectal Cancer Develops in Several 
Contexts 

    The term CRC suggests that we are dealing • 
with a single disease. In reality CRC consists 
of many different conditions, which differ in 
genetic background, associated conditions, 
molecular pro fi le, clinical behavior, and 
response to therapy    

   Sporadic Colorectal Cancer 
    This is the prototypical cancer type in the • 
colorectum. Histologically, these are adeno-
carcinomas which as a rule develop from a 
benign precursor, the adenomatous polyp, 
whatever the context of the disease may be. 
Exception to the latter rule are the CRCs 
developing in the context of in fl ammatory 
bowel disease, which frequently develop in 
areas of  fl at dysplasia  
  Clinical• 

   Constitute the second most frequent cancer  –
worldwide  
  Have a typical age of onset in the seventh  –
decade, the prevalence increasing with age  
  Are most frequent in the left (sigmoid and  –
rectum) and right colon  
  Are lethal in about 50% of the cases   –
  Are prognostically largely dependent on  –
the extent of spread (stage)

   Depth of invasion into the bowel wall  • 
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  Presence or absence of lymph node • 
metastases     

  Can be detected by the fecal occult blood  –
(FOB) test (reasonable sensitivity, low 
speci fi city) or colonoscopy; colonoscopic 
polypectomy in principle would allow 
eradication of the disease  
  Are treated typically by surgery (hemicolec- –
tomy), (adjuvant) chemotherapy depending 
on the disease stage; rectal cancer is often 
treated with a neoadjuvant chemo/radio-
therapy protocol, followed by surgery  
  Are recently amenable to targeted therapies,  –
targeting the EGFR     

  Molecular pathology• 
   CRCs are characterized by mutations in  –
the Wnt pathway genes  APC  (70%) or 
 CTNNB  (75%), pointing towards the Wnt 
pathway as a crucial element in the molec-
ular carcinogenesis  

    – KRAS  mutations usually in codons 12 and 
13 (45%)  
    – BRAF  mutations (5%)  
    – TP53  mutations (70%), in frequency going 
up along the progression from adenoma to 
carcinoma  
  Telomerase activation (70%)   –
  SMAD4 loss   –
  Frequent allelic imbalance (85%) consti- –
tuting the chromosomal instability type 
(CIN)  
  Microsatellite instability (MSI) (15%) due  –
to promoter methylation of the  MLH1  gene 
(MIN)       

   Sporadic Colorectal Cancer in the Context 
of In fl ammatory Bowel Disease 

    Crohn disease (CD) and ulcerative colitis • 
(UC), generally known under the generic term 
IBD, are relatively frequent conditions

  Fig. 1.3    The two major pathways in the development of 
colorectal cancer (after Vogelstein). The adenoma–carci-
noma sequence starts with disturbance in the crypt archi-
tecture, endoscopically visible as ACF. Activating (+) 
 KRAS  mutations may occur already in these lesions. Some 
of these may show features of epithelial dysplasia; these 
might go on to develop into adenomas. If this is the case, 
often inactivating (−)  APC  mutations are found. Low 
grade adenomas are small, mostly tubular, and have lim-
ited cytonuclear and architectural features of dysplasia. 
Often telomerase is not activated at this stage. Once 
telomerase is activated (+) the lesions often show high 
grade features: large, villous architecture, and cytonuclear 

features of high grade dysplasia. Progression towards 
invasive carcinoma is often accompanied by a TP53 muta-
tion. Progression towards metastasis is accompanied by 
further molecular events, such as inactivation of SMAD4. 
This main sequence of events is characteristic of both the 
chromosomal instability (CIN) and the MIN pathways. In 
the CIN pathway mismatch repair remains intact but CIN 
leads to accumulation of CIN with a high level of aneu-
ploidy. In the MIN pathway often early on (due to a 
germline mutation in one of the mismatch repair genes or 
to MLH1 promoter methylation) microsatellite instability 
(MSI) occurs with accumulation of gene mutations but far 
fewer chromosomal aberrations       
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   CD can affect any part of the gastrointes- –
tinal tract and most commonly affects the 
terminal ileum  
  CD is characterized by granulomas and  –
transmural in fl ammation  
  UC is restricted to the colon and/or rectum   –
  UC-related in fl ammation is restricted to  –
the mucosa and submucosa     

  Chronic in fl ammatory damage to the colon • 
and rectum in both types of IBD incur an 
increased risk of CRC, which is more pro-
nounced with

   Longer duration of disease   –
  Greater extent and severity of colitis      –

  In the connection between in fl ammation and • 
carcinogenesis, the transcription factor NF- k B 
is a key mediator, inducing expression of the 

proin fl ammatory mediators, COX2 and TNF a , 
of which a role in colorectal carcinogenesis 
has also been proven  
  Genome abnormalities in CRC in the con-• 
text of IBD are similar to those in sporadic 
CRC

     – TP53  mutations often occur early  
    – APC  mutations are less frequent     

  At variance with sporadic CRC, in IBD • 
 carcinomas develop through a dysplasia–car-
cinoma sequence, which is illustrated in 
Fig.  1.4 . Endoscopic surveillance allows 
early detection of dysplasia, which justi fi es 
colectomy, to prevent the development of 
invasive cancer. Sensitive and speci fi c molec-
ular tests for dysplasia detection have not 
been identi fi ed      

  Fig. 1.4    The dysplasia–carcinoma sequence in colorectal 
carcinogenesis in in fl ammatory bowel disease. Chronic 
in fl ammation with the continuous liberation of oxygen 
radicals and in fl ammatory cytokines creates an environ-
ment that is both mutagenic and growth stimulating.  TP53  
mutations occur early in this pathway, associated with the 
development of low grade dysplasia. In addition, hyperm-

ethylation of CpG islands leads to promoter silencing, 
among others of p16 and p27. Accumulation of such 
events drives progression towards high grade dysplasia. 
Additional events, such as  KRAS  mutations and activation 
of the Wnt pathway, for example through  APC  mutation, 
are involved in the progression towards invasive 
carcinoma       
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   Familial Clusters of Colorectal Cancer 
    Familial clusters of CRC account for almost • 
20% of CRCs but less than half of those fall 
within the de fi ned familial CRC syndromes. 
A family history of colorectal cancer (i.e., one 
or more relatives with CRC) confers a two to 
sixfold increased CRC risk, which increases 
with

   The number of affected family members   –
  Age at diagnosis of affected relatives      –

  These point to the existence of other less • 
penetrant genes and/or gene environment 
interactions explaining these familial CRC 
aggregates. For this phenomenon the term 
familial colorectal cancer is used. Approaches 
to identify loci that might contribute to familial 
CRC, include

   Family linkage   –
  Affected relative pair studies   –
  Genome-wide association studies      –

  Although a variety of chromosomal loci and • 
more recently SNPs have been identi fi ed asso-
ciated with increased CRC risk, the mecha-
nisms responsible for these familial clusters 
remain ill understood      

   Familial Colorectal Cancer Syndromes 
    Around 10% of all colorectal cancers arise in • 
the context of a familial cancer syndrome    

   The Familial Adenomatous Polyposis 
Syndrome 

    FAP syndrome accounts for about 1% of all • 
CRCs  
  Is characterized by the development early in • 
life of numerous (hundreds to thousands) of 
adenomatous polyps in the colon (Fig.  1.5 )   
  Also develops mucosal growths in the higher • 
tubal gut, notably in the stomach  
  Genetics• 

   Caused by mutations in the   – APC  gene; 
depending on the genotype the phenotype 
varies in terms of number of polyps and age 
of onset of polyps and of carcinomas, as well 
as the occurrence of neoplasms in other sites  
  Mutations between codons 1250 and 1464  –
are associated with severe polyposis 
(>1,000 adenomas)  
  Mutations before codon 157, after codon  –
1595, and in the alternatively spliced region 
of exon 9 are associated with attenuated 
adenomatous polyposis coli (AFAP, usually 
10–100 adenomas, 70% lifetime risk of 
CRC); in addition association with duodenal/
periampullary adenomas and thyroid 
carcinomas  
  Mutations in the remainder of the APC  –
gene cause an intermediate phenotype 
(hundreds to thousands of adenomas)  

  Fig. 1.5    ( a ) Colon mucosa of a familial adenomatosis polyposis (FAP) patient who underwent prophylactic total 
colectomy at the age of 21. ( b ) H&E section, note the mucosa extensively colonized with adenomatous polyps       
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  Mutations between codons 311 and 1444  –
and after codon 1444 are associated with 
congenital hypertrophy of the retinal 
pigment epithelium and desmoid tumors 
respectively     

  Molecular mechanisms• 
   Cause of the disease is a germ line muta- –
tion in the  APC  gene  
  For a carcinoma to develop, both copies of  –
the gene have to be inactivated through loss 
of the other allele due to a chromosomal 
abnormality or hypermethylation of the 
gene promoter  
  APC negatively regulates   – b -catenin, a com-
ponent of the E-cadherin-catenin cell adhe-
sion complex but also a component of the 
Wnt signaling pathway  
  In a normal cell the APC protein binds to  –
 b -catenin which leads to its degradation in 
the proteasome (Fig.  1.6 )   
  Loss of function of APC leads to accumu- –
lation and translocation of  b -catenin to the 
nucleus where it acts as a transcription 
factor, promoting transcription of gene 
products favoring proliferation, such as 
MYC and cyclin D1  
  This gives rise to further mutations and  –
activation of telomerase, conferring unlim-
ited life span to the transformed cell  
  Neoplastic progression due to the continued  –
accumulation of additional mutations 
affects TGF b  signaling, including the 
downstream signaling molecules SMAD2 
and SMAD4  
    – TP53  is mutated in 70–80% of colon can-
cers, commonly at late stages of tumor 
progression  
  Loss of function of other tumor suppressor  –
genes is often caused by chromosomal 
deletions, due to CIN, a hallmark of the 
APC/ b -catenin pathway        

   Gardner Syndrome 
    A variant of FAP characterized by numerous • 
gastrointestinal polyps and

   Osteomas   –
  Dental anomalies   –
  Desmoid tumors   –

  Epidermoid cysts      –
  Mutations in  • APC  causing Gardner syndrome 
are clustered in a region encoding a series of 
amino acid repeats responsible for the binding 
to  b -catenin     

   The De fi cient Mismatch Repair Syndrome 
    Mismatch repair syndrome (MMR) is better • 
known as hereditary nonpolyposis colorectal 
cancer (HNPCC) or Lynch syndrome  
  The most common hereditary CRC predispo-• 
sition syndrome  
  Responsible for around 3% of all CRCs  • 
  Carries a lifetime risk of developing CRC for • 
carriers of a MMR gene mutation of about 
80%  
  Develops CRC’s through the adenoma–• 
carcinoma sequence  
  Not associated with polyposis  • 
  Develops colon cancers in the right colon, • 
often mucinous or medullary type, with lym-
phoid aggregates around the  fi elds of tumor 
cells but also diffuse tumor in fi ltrating lym-
phocytes, the latter often associated with the 
medullary type  
  Has a better prognosis than the MMR competent • 
cancers  
  MMR de fi cient cancers respond less well to • 
adjuvant chemotherapy  
  In Lynch syndrome families not only CRC • 
prevalence is increased but also other types of 
cancer occur, including:

   Endometrium   –
  Stomach   –
  Pancreas   –
  Ovary   –
  Biliary tree   –
  Urinary tract   –
  Small bowel   –
  Brain      –

  Genetics• 
   Autosomal dominant   –
  Caused by mutations in one of the DNA  –
mismatch repair (MMR) genes

    • MLH1  (mutL homolog 1) on chromo-
some 3p21  
   • MSH2  (mutS homolog 2) on chromo-
some 2p16  
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  Fig. 1.6    Schematic of the role of activation of the Wnt 
pathway in colorectal cancer. In a normal cell (left arm) 
Wnt is off:  b -catenin is part of the cell membrane-associ-
ated E-cadherin-catenin complex and cytoplasmic 
 b -catenin is captured in the destruction complex of which 
APC is a component. When Wnt is on (right arm), nor-
mally through interaction of Wnt ligand with the Wnt 
receptor (a G-protein coupled receptor of the Frizzled fam-

ily)  b -catenin is released from the destruction complex, 
migrates to the nucleus and associates with other proteins 
(such as LEF1 and TCF4) to form a transcription complex 
which leads to the expression of proteins favoring cell pro-
liferation. In case of an APC mutation, APC is no longer 
functional in the destruction complex. As a result  b -catenin 
accumulates in the cytoplasm, migrates to the nucleus, and 
functions as an uncontrolled driver of cell proliferation       

   • MSH6  (mutS homolog 6) on chromo-
some 2p16  
   • PMS2  (postmeiotic segregation 2) on 
chromosome 7p22     

  These genes encode for MMR proteins  –
that correct base mismatches or small 
insertions or deletions occurring during 
DNA replication  

  Recurrent or founder mutations have been  –
identi fi ed in  MLH1  and  MSH2 

   A genomic deletion of exon 16 of MLH1 • 
( MSH2  1906G>C), a founder mutation 
in Ashkenazi Jews, likely dates back 
more than 1,000 years and is responsi-
ble for more than half of all Lynch syn-
drome cases in Finland  
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  A genomic deletion of exons 1–6 of • 
 MSH2  and the recurrent A → T transver-
sion in the donor splice site of intron 5 
of  MSH2  (c.942 + 3A → T) occur world-
wide and are involved in 5–10% of all 
cases of Lynch syndrome  
  Constitutional 3 • ¢  end deletions of the 
 TACSTD1  gene (encoding for epithelial 
cell adhesion molecule of EpCAM) can 
cause Lynch syndrome through epige-
netic silencing of  MSH2  in EpCAM-
expressing tissues, resulting in tissue-
speci fi c  MSH2  de fi ciency (mosaicism)  
  Muir–Torre syndrome (MTS, an auto-• 
somal dominant disorder associated 
with germline mutations in the  MSH2  
and less frequently the  MLH1  gene) is a 
rare variant of Lynch syndrome, charac-
terized by at least one sebaceous gland 
neoplasm (sebaceous adenoma or seba-
ceous carcinoma) and at least one visceral 
malignancy (most often colorectal cancer, 
followed by urinary tract cancer)        

  Molecular mechanisms• 
   The typical molecular characteristic is MSI   –
  This implies mutations in the dinucleotide  –
repeats that occur throughout the genome; 
these provide the hallmark of the syndrome 
but are not as such pathogenic  
  Genes affected by MMR incompetency  –
include  

  Genes involved in cell proliferation includ-• 
ing  TGF b , GRB1, WISP3, TCF4   
  Genes involved in apoptosis including • 
 BAX , caspase 5,     PTEN, BCL10   
  Genes involved in DNA repair including • 
 MBD4, RAD50, MSH3, MLH3   

  Which of these are of functional signi fi cance  –
in the context of CRC development remains 
to be established  
  MMR de fi cient cancers are characterized  –
by gene point mutations and less by chro-
mosomal rearrangements and allelic 
imbalances        

   The Mut Y Homolog (MUTYH)-Associated 
Polyposis (MAP) Syndrome 

    MAP syndrome resembles FAP• 

   Adenomatous polyps of the colorectum  –
develop, resulting in a very high risk of 
colorectal cancer  
  Adenomatosis resembles attenuated FAP  –
as the burden of adenomas ranges from 
very few to hundreds  
  Extracolonic manifestations as in FAP, includ- –
ing duodenal adeno(carcino)mas and increased 
risk for several extraintestinal neoplasms  
  Genetics –

   An autosomal recessive disorder  • 
  Caused by biallelic mutations in the • 
 MUTYH  gene, located on chromosome 
1p  
  Commonly Tyr165Cys and Gly382Asp  • 
   • MUTYH  encodes a protein in the DNA 
base excision repair pathway  
  Its impaired function is responsible for • 
G:C to T:A transversions           

   Other Polyposis Syndromes 
    Several other less frequent polyposis syndromes • 
exist, all associated with a lower risk for CRC  
  Peutz–Jeghers syndrome (PJS)• 

   Has a prevalence of about 1 in 8,300 to 1 in  –
280,000 individuals  
  An inherited, autosomal dominant disorder   –
  Characterized by hamartomatous polyps in  –
the gastrointestinal tract  
  Pigmented mucocutaneous lesions typi- –
cally presenting in childhood on the lips, 
and in and around the mouth  
  PJS subjects suffer from various malignan- –
cies (gastrointestinal, pancreatic, lung, breast, 
uterine, ovarian, and testicular tumors)  
  Genetics –

   Most patients have a causative mutation • 
in the  STK11  gene, a tumor suppressor 
gene located at 19p13.3, encoding a 
serine threonine kinase (STK)  
  Other genes are likely involved in non-• 
STK-mutated cases but this needs to be 
resolved        

  Juvenile polyposis syndrome (JPS)• 
   A rare disease, occurring in juveniles   –
  Characterized by the presence of hamar- –
tomatous polyps throughout the gastrointes-
tinal tract resembling in fl ammatory polyps  
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  Lifetime CRC risk is about 40%   –
  Genetics –

   15–20% of JPS patients carry autosomal • 
dominant mutations in the  SMAD4/
 DPC4   gene, on chromosome 18q21.1  
  SMAD4 is a cytoplasmic mediator in • 
the TGF b  signaling pathway  
  25–40% of the patients carry bone • 
lesions, associated with autosomal 
dominant mutations in the gene encoding 
morphogenetic protein receptor 1A 
( BMPR1A ), on chromosome 10q22–23  
  Sporadic cases occur        • 

  Hereditary mixed polyposis syndrome (HMPS)• 
   Shows consistent phenotypic overlap with  –
JPS  
  Characterized by polyps of mixed adenoma- –
tous/hyperplastic/atypical juvenile histology  
  Inheritance is autosomal dominant   –
  Eventually colorectal cancer may develop   –
  Genetics –

   A germline  • BMPR1A  mutation has been 
identi fi ed in Chinese HMPS families  
  Linkage between HMPS and chromo-• 
some 15q has also been reported        

  Cowden syndrome (CS)• 
   A rare autosomal dominant hamartomatous  –
polyposis condition  
  40% of CS patients have hamartomatous  –
polyps in the gastrointestinal tract  
  Low CRC risk   –
  Caused by a mutation of the tumor sup- –
pressor phosphatase and tensin homolog 
( PTEN ) gene           

   Molecular Pathways in the 
Development of Colorectal Cancer 

    As elucidated in the description of its familial • 
forms, in the development of CRC several 
distinct pathways operate. These pathways 
are not entirely distinct in that the same gene 
abnormalities partially occur in several of 
them. Signi fi cant overlap in molecular mecha-
nisms therefore occur  
  After elucidation of the role of APC in CRC, • 
now known as the chromosomal instability or 

CIN pathway, the discovery of the involvement 
of the mismatch repair system in HNPCC led 
to the recognition of the    microsatellite instabil-
ity (MIN) pathway. Recently, the recognition 
of the role of serrated lesions in the develop-
ment of CRC along a distinct pathway has led 
to the recognition of the serrated pathway. 
Although in a strict sense the CpG island 
methylator phenotype (CIMP) is not a distinct 
pathway it is also brie fl y reviewed    

   The CIN Pathway 

    The CIN pathway is found in about 85% of • 
sporadic colorectal cancers and is prototypical 
for the molecular evolution of CRC. The 
sequence most likely starts

   As an aberrant crypt focus (ACF), a small  –
focus of mucosa in which the regular crypt 
architecture is disturbed  
  Harboring mutations in the   – KRAS  gene or  
  Mutations in the   – APC  gene     

  ACF with  • APC  mutations are accompanied by 
distinct morphological abnormalities of the crypt 
epithelium, for which the term dysplasia is used

   Dysplastic cells have morphological char- –
acteristics of cancer cells including

   Nuclear pleomorphism and piling up  • 
  Increased nucleus to cytoplasm ratio  • 
  Increased mitotic activity     • 

  Dysplastic cells have some genetic charac- –
teristics of cancer cells but have not yet 
acquired the capacity for invasive growth 
and metastasis     

  After this starts, these early lesions in the • 
adenoma–carcinoma sequence acquire multi-
ple genetic abnormalities including

   Telomerase activation, conferring unlim- –
ited lifespan to the adenoma cells  
    – TP53  mutations, involved in progression 
from a low grade adenoma to a high grade 
adenoma  
  SMAD4 loss, involved in the progression  –
from a noninvasive adenoma to an invasive 
carcinoma     

  This pathway is illustrated in Fig.  • 1.3 , which 
is a modi fi cation of the original schematic as 
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proposed by Vogelstein in a landmark paper in 
1990. This pathway of evolution of colorectal 
cancer is characterized by striking CIN. For 
this reason this is called the CIN pathway     

   The MIN Pathway 

    The MIN pathway occurs in about 15% of • 
sporadic colorectal cancers. In morphological 
terms, it is highly likely that the early phases 
of development are quite similar to those of 
the CIN pathway: an adenoma–carcinoma 
sequence. However, cancers that arose through 
this pathway behave differently from those 
in the CIN pathway

   Have a better prognosis   –
  Respond differently to standard chemo- –
therapy  
  Have fairly characteristic morphology –

   Situated in the right colon  • 
  Mucinous or medullary histology  • 
  Lymphocytic in fi ltrate     • 

  Have characteristic genetic features   –
  MSI due to an incompetent mismatch DNA  –
repair system  
  Promoter methylation of   – MLH1  (sporadic 
MIN CRC) or  
  Mutated   – MLH1, MSH2, MSH6, or PMS2  
(familial MIN CRC known as HNPCC or 
Lynch syndrome)  
  Relatively high frequency of   – BRAF  gene 
mutations  
  The MS status has gained quite a bit of  –
clinical interest lately. MSI-H carcinomas 
as a rule have a better prognosis than 
MSS carcinomas of equal stage and grade. 
In addition their response to adjuvant therapy 
is more favorable        

   The Serrated Pathway 

    This is a recently discovered alternative path-• 
way to the development of CRC. The lesions 
resemble (benign) hyperplastic polyps but 
with more irregular crypt architecture 
(Fig.  1.7 ) and occasionally features of dyspla-

sia, known as sessile serrated adenomas or 
polyps (SSA/P). Features include: 

   Development of  fl at nonadenomatous  –
mucosal lesions  
  Notably in the right colon   –
  Due to the abnormal retention of surface  –
epithelium as a result of inhibition of apop-
totic cell loss  
  Accumulating epithelial cells in the crypt  –
resulting in a serrated appearance     

  SSA/P have been associated with increased risk • 
for the development of CRC but the extent of 
the risk has not yet been adequately established  
  The molecular events in the pathway are• 

   Mutation of the   – BRAF , characteristically 
the V600E mutation  
  Methylation of the promoter of a variety of  –
genes (CIMP)  
  Subsequent methylation of the   – MLH1  gene 
promoter with silencing of the expression 
of MLH1 as a result  
  MSI leading to accumulation of additional  –
abnormalities in the genome        

   Cpg Island Methylator Phenotype 

    CIMP has been noticed for some time that • 
some colorectal carcinomas show hypermeth-
ylation of a whole series of genes. Meanwhile 
it has become known that this phenomenon 
is not limited to CRC but that a variety of 
cancers suffers from an increased level of 
promoter methylation. This is not a nonspeci fi c 
general phenomenon. First of all, cancer cells 
in general show a decrease in the overall level 
of DNA methylation. This concerns mostly 
CpGs in (non)coding regions. In gene pro-
moter-associated CpG islands, involved in the 
regulation of transcription, often hypermethy-
lation is found. Promoter hypermethylation 
has become one of the frequently encountered 
mechanisms responsible for silencing of tumor 
suppressor genes. What causes the CIMP 
phenotype and what exactly its consequences 
are remains elusive? CIMP is associated with 
the serrated pathway and in addition CIMP 
carcinomas often harbor  BRAF  mutations      
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   Practical Molecular Diagnostics 
of Colorectal Cancer 

    Screening for CRC; apart from the classical • 
FOB test several options are under development

   Tests for abnormal circulating DNA targeting  –
 KRAS  mutations or promoter methylation 
of a combination of target genes  
  Tests for abnormal DNA in stool targeting  –
 KRAS  mutations or promoter methylation 
of a set of target genes  
  Molecular screening of blood or fecal matter  –
still experimental due to low sensitivity     

  Diagnosis of MSI carcinoma• 
   Microsatellite instable carcinoma can be  –
either sporadic or familial, the latter in case 
of HNPCC (Lynch syndrome)  

  MSI carcinoma is suspected if: –
   Arises in the right colon  • 
  Mucinous or medullary morphology  • 
  Accompanied by diffusely distributed • 
tumor in fi ltrating lymphocytes or folli-
cular peritumoral lymphocytic in fi ltrates     

  HNPCC is suspected if: –
   Before the age of 50  • 
  In a familial context of CRC and/or syn/• 
metachronous presence of HNPCC-
associated tumors  
  In a patient with a  fi rst degree relative • 
with an HNPCC-associated tumor 
before the age of 50  
  In a patient with two  fi rst degree rela-• 
tives with HNPCC-associated tumors, 
regardless of age     

  Fig. 1.7    Schematic of the serrated pathway of colorectal 
carcinoma. The  inset  photomicrograph shows such a 
serrated lesion, of which the characteristic feature is the 
sawtooth appearance of the colonic crypts. An important 
difference with the CIN and MIN pathways is the early 

occurrence of microsatellite instability together with 
 BRAF  mutations. Later on in the pathway, gene aberra-
tions that frequently occur in the other pathways are 
also found       
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  The diagnosis of either is important, in a  –
familial case for making the diagnosis and 
for sporadic MSI cases as their prognosis is 
different, as well as their reaction to therapy  
  The diagnosis is made through MMR gene  –
immunohistochemistry and/or MSI testing, 
in case of suspicion of HNPCC followed 
up by sequencing of the suspected gene. 
The following sequence of tests is cost-
effective and highly sensitive:

   MS analysis, using as markers the • 
recommended panel of loci (BAT25, 
BAT26, D2S123, D5346, and D17S250) 
with as result

   Instability of two or more markers • 
MSI-H(igh)  
  Instability of one marker MSI-L(ow)  • 
  No instable marker MSS     • 

  Immunohistochemistry for MLH1, • 
MSH2, MSH6, and PMS2; loss of 
MLH1 is usually accompanied by loss 
of PMS2  
  In case of loss of expression of MLH1: • 
testing for gene promoter methylation 
through bisul fi te sequencing

   In case of methylation of the  • MLH1  
promoter a diagnosis of sporadic 
MMI carcinoma is made  
  In case of unmethylated  • MLH1  pro-
moter there is a high likelihood of 
HNPCC; gene sequencing to identify 
the mutation needs to be performed     

  Loss of expression of any one of the other • 
genes indicates the likelihood of HNPCC; 
sequence the gene indicated by immuno-
histochemistry to identify the mutation is 
indicated        

  In case of suspicion of FAP (polyposis, family • 
history), sequence the  APC  gene to identify an 
eventual mutation  
  In case of suspicion of MAP, sequence the • 
 MUTYH  gene is indicated to identify an even-
tual mutation  
  Prognostic factors• 

   Currently used criteria for strati fi cation of  –
CRC patients in view of eventual adjuvant 
chemotherapy are primarily based upon 
classical TNM stage parameters tumor 

extension (T) and lymph node metastasis 
(N). However, these lack in precision 
and better parameters are urgently needed. 
A host of molecular (to a large extent 
immunohistochemically determined) para-
meters has been published but almost none 
of these has made it into clinical practice. 
New molecular parameters are

   Allelic imbalance of 18q. This has been • 
advocated for a decade as an important 
prognostic parameter notably in stage II 
patients. Recent data, however, indicate 
that its prognostic signi fi cance is not 
maintained when CRC is strati fi ed 
for MSI  
  MSI; microsatellite instable carcinomas • 
have a better prognosis than those that 
are MSS. In addition, patients with MSI 
carcinomas might not pro fi t from 5-FU-
based chemotherapy regimens but this 
remains controversial  
   • BRAF  V300E mutation status. This is an 
indicator of poor prognosis, notably for 
survival after relapse. A recently pub-
lished BRAF mutated-like signature 
seems to identify BRAF wild type cases 
with similar behavior  
   • KRAS  mutation status. Recent data indi-
cate that  KRAS  mutation status as such 
has no prognostic signi fi cance for over-
all survival of stage II/III patients, 
although this might be different for the 
G12D and G12A mutations, for which 
borderline signi fi cance was found  
  Gene expression pro fi ling. Two recently • 
published tests are Oncotype DX (mul-
tiplex RT-PCR-based) and Coloprint 
(array-based), which proclaim to pro-
vide essential additional prognostic 
value. As yet, these tests have not been 
independently validated        

  Predictive molecular pathology of colorectal • 
cancer

   Ever since the introduction of targeted  –
 therapies, which as yet include for CRC 
 anti-EGFR antibodies (Cituximab and 
Panitumumab) and anti-VEGFR (Avastin) 
the need for pretreatment testing of potential 
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drug ef fi cacy has become clear. For the anti-
EGFR approach this has been found in

   EGFR ampli fi cation. This is done • 
through FISH testing, although quanti-
tative PCR of genomic DNA has been 
advocated. The latter has as disadvan-
tage that noncancerous host cells can-
not easily be separated from cancer cells 
and these reduce the sensitivity of the 
test. EGFR immunohistochemistry has 
proven to be insuf fi ciently reliable as 
test  
   • KRAS  mutation testing as overwhelm-
ing evidence indicates that KRAS-
mutated carcinomas do not respond to 
these anti-EGFR therapies

   This is due to the fact that KRAS is • 
downstream of EGFR in the MAPK 
pathway (Fig.  1.8 )   
  Mutations in  • KRAS  consequently 
activate the pathway  
  Upstream elimination of EGFR acti-• 
vation is then no longer effective     

   • KRAS  mutations identify cancers that do 
not respond to anti-EGFR therapy but 
not all  KRAS  wild type cancers do 
respond; additional factors are involved, 
notably the mutation status of

    • PIK3CA   
   • BRAF   
   • NRAS   
   • PTEN   
   • Probably others               

   Summary of Key Points 
in the Molecular Pathology 
of Colorectal Cancer 

    Most CRC arise through an adenoma–• 
carcinoma sequence; this holds true for sporadic 
and for familial CRC (CIN type end MIN type)  
  Screening for adenomas (through colonos-• 
copy) strongly reduces CRC risk; molecular 
screening approaches (feces, blood) are 
underway  

  Fig. 1.8    Schematic of the role of KRAS mutations in 
the resistance of KRAS-mutated colorectal cancers to 
anti-EGFR therapy. KRAS functions downstream of 
EGFR signaling. In a KRAS wild type cancer, silencing 
of EGFR silences the signaling pathway. When KRAS 
is mutated, silencing of EGFR is without effect as 

the KRAS mutation continues to activate the path-
way. Other proteins involved in the pathway may also 
be involved in resistance. This has been shown to be the 
case for NRAS, BRAF, and PIK3CA. Other pathways 
are also involved, such as PTEN       
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  Exception to this rule are CRCs developing in • 
the context of IBD which develop through a 
dysplasia–carcinoma sequence; speci fi c and 
sensitive molecular tests for assessing cancer 
risk in IBD are not (yet) available  
  SSA/P constitute a new pathway towards the • 
development of CRC; this pathway is charac-
terized by mutated  BRAF  and  fl at nondysplas-
tic precursors known as SSA/P  
  HNPCC is diagnosed through a combination • 
of MSI testing, immunohistochemical testing 
for expression of MLH1, MSH2, MSH6, and 
PMS2, promoter methylation analysis of 
MLH1 and eventually gene sequencing  
   • KRAS  mutation testing is essential for anti-
EGFR therapies as  KRAS -mutated cancers do 
not respond to this form of targeted treatment; 
better tests for positive response prediction are 
urgently needed  
  MSI testing of CRC is becoming mandatory in • 
view of its prognostic importance  
   • BRAF -mutated CRC have a poor prognosis; a 
 BRAF -mutated signature identi fi es  BRAF  WT 
patients with a n equally poor prognosis  
  New prognostic signatures (Genomic Health • 
DsX and Coloprint) are promising but as yet 
insuf fi ciently validated  
  Stool or blood testing for abnormal DNA ( • KRAS  
mutations, gene promoter methylation) are 
promising but as yet insuf fi ciently validated         
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   Introduction to Normal Pancreas 

    The exocrine and endocrine functions of the • 
pancreas are regulated by distinct cell 
types:

   Exocrine pancreas (enzymes secreted into  –
ducts)—consists of enzyme-secreting aci-
nar cells as well as mucin-secreting duct 
cells  
  Endocrine pancreas (hormones secreted  –
systemically)—consists of multiple types 
of hormone-secreting cells     

  Histology of the pancreas parallels this func-• 
tional division, with cellular components 
divided into four compartments: acinar, ductal, 
endocrine, and interstitial

   The exocrine pancreas (acinar and ductal  –
components) consists of clustered acini 
that secrete into centrally located ducts 
which join to form progressively larger 
ducts  
  The endocrine compartment is composed  –
of the islets of Langerhans scattered 
amongst the acini  
  These compartments are supported by  –
interstitial stroma     

  Neoplasms of the pancreas can be broadly • 
divided based on the direction of differentia-
tion of the neoplastic cells  
  Neoplasms with distinct differentiation exhibit • 
unique clinical, morphologic, and molecular 
features     
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   Neoplasms with Ductal Differentiation 

   Pancreatic Ductal Adenocarcinoma 

   Clinical Features       
 Approximately 213,000 deaths/year in the world, • 
37,660 deaths/year in the United States (US)

   Eighth leading cause of cancer death world- –
wide, fourth leading cause of cancer death 
in the U.S  
  Male predominance (male to female ratio  –
of approximately 3:2); a disease of the 
elderly, as most patients are diagnosed 
between 60 and 80 years of age  
  Incidence of ductal adenocarcinoma is  –
50% higher in African Americans than in 
Caucasians  
  Most important risk factor is cigarette  –
smoking, other known risk factors include 
chronic pancreatitis and diabetes mellitus     

  Approximately 10% of pancreatic cancer has • 
a familial basis (Table  2.1 ) 

   Family history of pancreatic cancer  –
signi fi cantly increases an individual’s risk 
of developing pancreatic cancer  

  Increased risk of pancreatic cancer is a  –
feature of several genetic syndromes, but 
the genetic basis for the majority of familial 
pancreatic cancer remains unknown  
    – BRCA2  and other genes in the Fanconi 
anemia pathway

   Proteins in this pathway are crucial for  °
repair of DNA cross-linking damage  
  Germline mutations in   ° BRCA2  result in 
increased risk of breast, ovarian, and 
pancreatic cancer and account for a sub-
set of patients with familial pancreatic 
cancer. Importantly, some patients with 
 BRCA2 -related familial pancreatic cancer 
do not report a family or personal history 
of breast or ovarian cancer

   Cells with biallelic inactivation of  �
 BRCA2  are exquisitely sensitive to 
therapies that target their DNA repair 
defect, such as mitomycin C and 
PARP inhibitors     

  Germline mutations in   ° PALB2 , also 
known as  FANCN , whose protein product 
interacts with BRCA2, account for a 
subset (~3%) of patients with familial 
pancreatic cancer  

   Table 2.1    Inherited disorders with increased risk of pancreatic neoplasia   

 Syndrome  Gene  Chromosome  Neoplasm 

 Familial breast cancer   BRCA2   13  PDA 
 Familial breast cancer   PALB2 (FANCN)   16  PDA 
 Familial atypical multiple mole melanoma syndrome 
(FAMMM) 

  p16/CDKN2A    9  PDA 

 Peutz–Jeghers syndrome (PJS)   STK11/LKB1   19  PDA, IPMN 
 Hereditary pancreatitis   PRSS1, SPINK1   7, 5  PDA 
 Lynch syndrome/hereditary nonpolyposis colorectal 
cancer (HNPCC) 

 Multiple  Multiple  PDA (medullary variant) 

 Fanconi anemia pathway   FANCC ,  FANCG   Multiple  PDA (?) 
 Familial adenomatous polyposis (FAP)   APC    5  PDA (?) 
 von Hippel–Lindau syndrome (VHL)   VHL    3  SCA, PanNET 
 Multiple endocrine neoplasia type 1 (MEN1)   MEN1   11  PanNET 
 Tuberous sclerosis complex (TSC)   TSC1, TSC2   9, 16  PanNET 
 Neuro fi bromatosis type 1 (NF1)   NF1   17  PanNET 
 Beckwith–Wiedemann syndrome (BWS)  unknown  11  PB 

   PDA  pancreatic ductal adenocarcinoma;  IPMN  intraductal papillary mucinous neoplasm;  SCA  serous cystadenoma; 
 PanNET  well-differentiated pancreatic neuroendocrine tumor;  PB  pancreatoblastoma; (?) weak or questionable 
association  
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  Germline mutations in other Fanconi  °
pathway genes ( FANCC ,  FANCG ) have 
been reported in young patients with 
pancreatic cancer, but their importance 
in familial pancreatic cancer has not 
been  fi rmly established  
  The importance of   ° FANCA  in familial 
pancreatic cancer has also been investi-
gated, but no signi fi cant contribution 
to cancer susceptibility could be 
established  
  Germline mutations in   ° BRCA1  may 
slightly increase the risk of pancreatic 
cancer in breast cancer kindreds; how-
ever, mutations in this gene are not a 
major cause of familial pancreatic can-
cer in the absence of breast or ovarian 
cancer     

    – p16/CDKN2A  and familial atypical multiple 
mole melanoma syndrome (FAMMM)

   Germline mutations in   ° p16/CDKN2A  
result in increased risk of both mela-
noma (with multiple nevi and atypical 
nevi) and pancreatic cancer     

    – STK11/LKB1  and Peutz–Jeghers syndrome 
(PJS)

   PJS is an inherited syndrome caused by  °
germline mutations in  STK11/LKB1  and 
characterized by gastrointestinal hamar-
tomas as well as cancer predisposition. 
Patients with PJS have very high risk of 
pancreatic cancer, and carcinomas in 
PJS patients show somatic loss of the 
wild type  STK11/LKB1  allele     

    – PRSS1 ,  SPINK1 , and hereditary pancreatitis
   Germline mutations in   ° PRSS1  and 
 SPINK1  cause hereditary pancreatitis, 
characterized by continuing or relaps-
ing pancreatic in fl ammatory disease. 
Patients with hereditary pancreatitis 
have a markedly increased risk of devel-
oping pancreatic cancer     

    – APC  and familial adenomatous polyposis 
(FAP)

   Germline mutations in   ° APC  result in a 
markedly increased risk of adenoma-
tous colorectal polyps as well as col-

orectal adenocarcinoma. In addition, an 
increased risk of pancreatic cancer has 
also been reported in these patients. 
However, some of this may re fl ect the 
increased risk of duodenal carcinomas, 
which frequently invade the pancreas 
and can mimic primary pancreatic 
adenocarcinoma     

  Mismatch repair gene defects and hereditary  –
nonpolyposis colorectal cancer (HNPCC)

   Germline mutations in   ° hMSH2 ,  hMLH1 , 
 hPMS1 ,  hPMS2 , and  hMSH6/GTB  
cause HNPCC (also known as Lynch 
syndrome), in which patients demon-
strate an increased risk of carcinomas of 
the colon as well as other sites  
  The neoplasms in these patients exhibit  °
defects in the DNA mismatch repair 
machinery, resulting in microsatellite 
instability  
  Patients with HNPCC have a slightly  °
increased risk of developing pancreatic 
cancer

   Importantly, pancreatic cancers with  �
microsatellite instability exhibit a 
distinct “medullary” morphology           

  Symptoms of ductal adenocarcinoma are • 
often nonspeci fi c, including back pain, unex-
plained weight loss, and jaundice  
  Aggressive neoplasm that is almost uni-• 
formly fatal, with a 5-year survival rate of 
only 5%

   Mean survival for untreated patients is  –
3–5 months  
  Mean survival after surgical resection is  –
10–20 months  
  Resectability and stage are the most impor- –
tant determinants of prognosis        

   Gross and Microscopic Features 
    Majority of ductal adenocarcinomas (60–70%) • 
arise in the pancreatic head  
  Usually form solitary masses  • 
  Average size of carcinoma in pancreatic head • 
is 3 cm in greatest dimension, while average 
size of carcinoma in pancreatic tail is 5 cm in 
greatest dimension  
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  On gross cut section, ductal adenocarcino-• 
mas are  fi rm white-yellow poorly demar-
cated masses that obscure the normal lobular 
architecture of the pancreas

   If the carcinoma obstructs the pancreatic  –
duct, the pancreatic duct upstream from the 
carcinoma may be dilated, and the upstream 
pancreatic parenchyma may be  fi rm and 
atrophic due to obstructive chronic 
pancreatitis     

  Microscopically, pancreatic ductal adeno-• 
carcinoma is an invasive mucin-producing 
gland-forming neoplasm that elicits an 
intense stromal desmoplastic response

   Histologic features of adenocarcinoma  –
include haphazard arrangement of glands, 
nuclear pleomorphism, incomplete glandu-
lar lumina, luminal necrosis, neoplastic 
glands immediately adjacent to muscular 
vessels, perineural invasion, and lympho-
vascular invasion  
  These carcinomas are graded based on their  –
degree of differentiation

   Well-differentiated: well-formed neo- °
plastic glands with lined by cuboidal to 
columnar epithelium with enlarged 
round to oval nuclei and eosinophilic 
cytoplasm  
  Moderately-differentiated: irregularly  °
shaped and small glands with moderate 
nuclear pleomorphism, prominent nucle-
oli, and decreased mucin production  
  Poorly-differentiated: mixture of irregu- °
lar glands, solid sheets, and single neo-
plastic cells with marked nuclear 
pleomorphism, minimal mucin produc-
tion, and signi fi cant mitotic activity        

  In addition to the morphology described, there • 
are several morphological variants of ductal 
adenocarcinoma with unique prognostic and 
molecular features  
  Pancreata with invasive ductal adenocarci-• 
noma also frequently harbor noninvasive 
epithelial proliferations within the pancreatic 
ducts known as pancreatic intraepithelial 
neoplasia (PanIN)

   These lesions are believed to be precursors  –
to invasive adenocarcinoma and are graded 
based on architectural and cytologic atypia

   PanIN-1A:  fl at lesion composed of uni- °
form columnar cells with small round 
basal nuclei and abundant supranuclear 
mucin  
  PanIN-1B: papillary or micropapillary  °
lesions composed of uniform columnar 
cells with small round basal nuclei and 
abundant supranuclear mucin (cytologi-
cally identical to PanIN-1A)  
  PanIN-2:  fl at or papillary lesions with  °
moderate nuclear atypia (loss of polar-
ity, pseudostrati fi cation, enlargement, 
hyper chromasia)  
  PanIN-3:  fl at or papillary lesions with  °
severe architectural atypia (budding, 
cribriforming, luminal necrosis) and 
nuclear atypia (enlargement, hyperchro-
masia, loss of orientation, and polarity, 
prominent nucleoli). Mitoses are 
common        

  Immunohistochemistry• 
   Positive in neoplastic cells: cytokeratins  –
(CK7, CK8, CK13, CK18, CK19), CEA, 
CA19–9, CA125, MUC1, MUC3, MUC4, 
MUC5AC  
  Variably positive in neoplastic cells: CK20,  –
MUC2, MUC6  
  Negative in neoplastic cells: vimentin,  –
chromogranin, synaptophysin, trypsin, 
chymotrypsin, lipase

   Dpc4 (Smad4) expression is lost in  °
approximately 55% of ductal adenocar-
cinomas, re fl ecting genetic inactivation 
of the  SMAD4/DPC4  gene (Fig.  2.1c )            

   Molecular Features 
    See Table  • 2.2    
   • KRAS  is the most frequently altered onco-
gene in ductal adenocarcinomas—somatic 
mutations in  KRAS  occur in >90% of ductal 
adenocarcinomas

   These somatic mutations cluster in speci fi c  –
hotspots (most commonly codon 12), con-
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  Fig. 2.1    Immunohistochemical labeling re fl ects genetic 
alterations in pancreatic neoplasms. ( a ) Solid-
pseudopapillary neoplasms frequently contain somatic 
mutations in  CTNNB1 , leading to abnormal nuclear 
accumulation of  b -catenin protein. Immunohistochemical 
labeling for  b -catenin shows strong nuclear and cyto-
plasmic labeling in the neoplasm on the  left . On the  right , 
a nonneoplastic duct has normal membranous staining 
for  b -catenin. ( b ) Somatic mutations in  TP53 , leading to 
abnormal nuclear accumulation of p53 protein, occur in 
a large proportion of pancreatic ductal adenocarcinomas. 
Immunoshistochemical labeling for p53 shows strong 
nuclear labeling in the neoplastic epithelium, while the 
reactive stroma is negative. ( c ) Pancreatic ductal adeno-
carcinomas frequently contain inactivating somatic 
mutations in  SMAD4/DPC4 , leading to loss of Dpc4 pro-
tein expression in neoplastic cells. Immunohistochemical 

labeling for Dpc4 shows retention of nuclear labeling in 
the reactive stroma, while the neoplastic glands are strik-
ingly negative. ( d ) In contrast to well-differentiated pan-
creatic ductal adenocarcinoma, undifferentiated 
carcinomas frequently show loss of E-cadherin protein 
expression. Immunohistochemical labeling of a mixed 
carcinoma demonstrates retention of E-cadherin expres-
sion in the well-differentiated component ( lower half ), 
while E-cadherin is lost in the undifferentiated compo-
nent ( upper half ). ( e ,  f ) Approximately 45% of well-dif-
ferentiated pancreatic neuroendocrine tumors (PanNETs) 
contain inactivating somatic mutations in  DAXX  or 
 ATRXX , leading to loss of protein expression in the neo-
plasm. Immunohistochemical labeling shows that 
although endothelial cells show strong nuclear labeling, 
neoplastic cells are negative for ATRX ( e ) and DAXX ( f ) 
in tumors with somatic mutations       
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   Table 2.2    Somatic mutation prevalence of commonly altered genes in pancreatic neoplasms   

 Neoplasm  Gene  Chromosome  Alteration prevalence  Mechanisms of alteration 

 PDA   KRAS   12  95%  Missense mutation 
  p16/CDKN2A   9  95%  Missense mutation with LOH, homozygous 

deletion, promoter methylation 
  TP53   17  75%  Missense mutation with LOH 
  SMAD4/DPC4   18  55%  Missense mutation with LOH, homozygous 

deletion 
 IPMN   KRAS   12  80%  Missense mutation 

  RNF43   17  75%  Missense mutation or nonsense mutation 
with LOH 

  GNAS   20  60%  Missense mutation 
  p16/CDKN2A   9  Only in HGD/carcinoma  Missense mutation with LOH, homozygous 

deletion, promoter methylation 
  TP53   17  Only in HGD/carcinoma  Missense mutation with LOH 
  SMAD4/DPC4   18  Only in HGD/carcinoma  Missense mutation with LOH, homozygous 

deletion 
  PIK3CA   3  10%  Missense mutation 

 MCN   KRAS   12  80%  Missense mutation 
  RNF43   17  40%  Missense mutation or nonsense mutation 

with LOH 
  p16/CDKN2A   9  Only in HGD/carcinoma  Missense mutation with LOH, homozygous 

deletion, promoter methylation 
  TP53   17  Only in HGD/carcinoma  Missense mutation with LOH 
  SMAD4/DPC4   18  Only in HGD/carcinoma  Missense mutation with LOH, homozygous 

deletion 
 SCA   VHL   3  >20%  Missense mutation with LOH 
 PanNET   MEN1   11  45%  Missense mutation with LOH 

  DAXX/ATRX   6/X  45%  Missense or nonsense mutation with LOH 
 mTOR pathway  Multiple  15%  Multiple 
  VHL   3  25%  Promoter methylation 

 SPN   CTNNB1   3  95%  Missense mutation 
 ACC   CTNNB1   3   5%  Missense mutation 

  APC   5  15%  Inactivating/truncating mutation with LOH 
 PB   CTNNB1   3  55%  Missense mutation 

  APC   5  10%  Inactivating/truncating mutation with LOH 
 Unknown  11  85%  Loss of heterozygosity 

   PDA  pancreatic ductal adenocarcinoma;  IPMN  intraductal papillary mucinous neoplasm;  MCN  mucinous cystic 
neoplasm;  SCA  serous cystadenoma;  PanNET  well-differentiated pancreatic neuroendocrine tumor;  SPN  solid-pseudo-
papillary neoplasm;  ACC  acinar cell carcinoma;  PB  pancreatoblastoma;  HGD  high-grade dysplasia;  carcinoma  invasive 
carcinoma;  LOH  loss of heterozygosity  

sistent with the role of  KRAS  as an 
oncogene

   Rare mutations have been reported in  °
other oncogenes, including  BRAF  muta-
tions in  KRAS  wild type carcinomas  
    ° KRAS  encodes a small GTPase that 
mediates downstream signaling from 

growth factor receptors, playing a crucial 
role in proliferation, survival, and differ-
entiation. The protein encoded by  BRAF  
is activated by KRAS and functions in 
the same cell signaling pathways        

   • p16/CDKN2A  is the most frequently altered 
tumor suppressor gene in ductal adenocarci-
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noma—loss of p16 function is seen in >90% 
of ductal adenocarcinomas

   Mechanisms of functional alteration  –
include intragenic mutation coupled with 
the loss of the second allele, homozygous 
deletion of the gene, and promoter methy-
lation of  p16/CDKN2A 

   The protein encoded by   ° p16/CDKN2A     
plays a crucial role in cell cycle regula-
tion. p16 blocks cell cycle progression 
by preventing the inactivation of Rb, 
another crucial cell cycle regulator        

  Somatic mutations in  • TP53  also occur fre-
quently in ductal adenocarcinomas, reported 
in 75% of cases

   Strong diffuse nuclear immunohistochem- –
ical labeling for p53 is associated with gene 
mutation (Fig.  2.1b )  
    – TP53  mutations occur most frequently 
through a small intragenic mutation, coupled 
with loss of the wild type allele

   The protein encoded by   ° TP53  plays a key 
role in the cellular stress response, inhibit-
ing cell growth and promoting cell death in 
the setting of cellular stress        

  Somatic inactivation of  • SMAD4/DPC4  
occurs in approximately 55% of ductal adeno-
carcinomas

   This gene is inactivated through either  –
homozygous deletion or intragenic mutation 
coupled with loss of the wild type allele

   The protein encoded by   ° SMAD4/DPC4  
mediates cellular signaling downstream 
of the transforming growth factor  b  
(TGF b ) receptor, playing a crucial role in 
the regulation of proliferation, migration, 
and apoptosis  
  Mutations in   ° SMAD4/DPC4  are associ-
ated with poor prognosis  
  Immunohistochemical loss of Dpc4 pro- °
tein expression is correlated with the 
presence of genetic inactivation and can 
be used as a diagnostic tool to distin-
guish ductal adenocarcinoma from non-
neoplastic pancreatic disease (Fig.  2.1c )  
  Less frequent somatic mutations have  °
also been reported in other members of 

the TGF b  signaling pathway, including 
 TGFBR2  and  ALK5         

  Speci fi c key genes ( • KRAS ,  TP53 ,  SMAD4/
DPC4 ,  p16/CDKN2A ) are crucial compo-
nents of tumorigenesis in ductal adenocarci-
noma that are preserved in different tumor 
subgroups

   The prevalence of alterations in   – KRAS , 
 TP53 , and  SMAD4/DPC4  is similar in famil-
ial and sporadic ductal adeno carcinomas  
  Carcinomas from smokers contain  –
signi fi cantly more somatic mutations than 
those from never smokers, but mutations in 
known driver genes such as  KRAS ,  TP53 , 
 p16/CDKN2A , and  SMAD4/DPC4  do not 
differ between the two groups     

  Studies of copy number alterations have • 
revealed numerous areas of gains and losses in 
ductal adenocarcinomas, and cytogenetic 
analyses have revealed complex karyotypes

   Some alterations target the known onco- –
genes and tumor suppressor genes dis-
cussed above  
  Others identify genomic regions that may  –
contain loci involved in pancreatic tumori-
genesis, but further characterization and 
validation are necessary     

  MicroRNAs, small noncoding RNAs that • 
negatively regulate gene expression, are also 
altered in ductal adenocarcinoma

   Multiple microRNAs are differentially  –
expressed in carcinomas compared to non-
neoplastic pancreas and chronic pancreatitis

   Speci fi c microRNA expression pro fi les  °
show prognostic signi fi cance  
  MicroRNAs possess diagnostic prom- °
ise, as microRNA levels in  fi ne needle 
aspirations can be an indicator of ductal 
adenocarcinoma        

  PanINs, the noninvasive precursor lesions to • 
pancreatic cancer, sequentially acquire the 
molecular changes common in invasive ductal 
adenocarcinoma

   While some molecular changes reliably  –
occur early in pancreatic tumorigenesis, 
others are limited to severely dysplastic 
and invasive lesions
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   Somatic   ° KRAS  mutations are present even 
in the low-grade PanINs (PanIN-1A)  
  Loss of p16 expression is also an early  °
event, with loss in a subset of PanIN-1A 
lesions. However, the prevalence of 
detected p16 loss increases with increasing 
PanIN grade  
  Loss of Dpc4 expression (which occurs  °
due to homozygous deletion or 
intragenic mutation coupled with loss 
of the wild type allele) is a late event, 
reported only in some PanIN-3 lesions 
and invasive carcinomas. Allelic loss 
may occur earlier than somatic muta-
tion, with a subset of PanIN-2 lesions 
showing loss of one allele of  SMAD4/
DPC4   
    ° TP53  displays a similar pattern to 
 SMAD4/DPC4 . Alteration of  TP53  is a 
late event, occurring only in PanIN-3 
lesions and invasive carcinomas. Allelic 
loss may occur earlier than somatic muta-
tion, with a subset of PanIN-2 lesions 
showing loss of one allele of  TP53   
  Telomere shortening has been reported  °
in a large proportion of PanINs including 
low-grade lesions, with shortening in 
approximately 90% of PanIN-1As

   Thus, telomere shortening is one of  �
the most frequently occurring early 
events in pancreatic tumorigenesis     

  In patients with familial pancreatic can- °
cer due to germline  BRCA2  mutations, 
loss of the wild type  BRCA2  allele is a 
late event in tumorigenesis, occurring 
only in PanIN-3 lesions        

  Sequencing of all protein-coding genes in • 
pancreatic ductal adenocarcinoma reveals 
that although the individual genes altered in 
each tumor are markedly heterogeneous, 
there are 12 core cellular pathways that are 
genetically altered in the majority of 
carcinomas

   Dysregulation of these core pathways,  –
which include KRAS signaling, TGF b  sig-
naling, DNA damage control, and cell 
adhesion, represents a shared feature of 

tumorigenesis in the vast majority of ductal 
adenocarcinomas  
  These studies identi fi ed an average of 48  –
nonsynonymous somatic mutations per 
tumor     

  Studies of somatic mutations in metastases • 
reveal a time period of approximately 15 years 
between the occurrence of the initiating muta-
tion of ductal adenocarcinoma and the acqui-
sition of metastatic ability, suggesting a broad 
time window for early detection      

   Variants of Ductal Adenocarcinoma 
and Their Molecular Features 

   Adenosquamous Carcinoma 
    Uncommon morphologic variant of pancreatic • 
ductal adenocarcinoma, accounting for 3–4% 
of malignant exocrine neoplasms  
  Slight male predominance (male to female ratio • 
of 1.5:1); mean age at diagnosis 63 years  
  Aggressive neoplasm with poor prognosis, • 
median survival of 6 months  
  Microscopically, characterized by in fi ltrating • 
carcinoma with both glandular and squamous 
differentiation  
  Immunohistochemically, p63 is positive in • 
squamous component and E-cadherin is fre-
quently lost or reduced  
  Molecular features similar to ductal adenocar-• 
cinoma, with frequent alterations in  KRAS , 
 p16/CDKN2A ,  SMAD4/DPC4 , and  TP53      

   Colloid Carcinoma 
    Uncommon morphologic variant of pancreatic • 
ductal adenocarcinoma, accounting for 1–3% 
of malignant exocrine neoplasms  
  Slight male predominance, mean age at diag-• 
nosis 65 years  
  Better prognosis than ductal adenocarcinoma, • 
with a 5-year survival of approximately 55%  
  Microscopically characterized by large extracel-• 
lular pools of mucin containing suspended well-
differentiated neoplastic cells—almost always 
arises in association with intestinal-type intra-
ductal papillary mucinous neoplasm (IPMN)  
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  Immunohistochemically, the neoplastic cells • 
are positive for MUC2 and CDX2, which are 
frequently positive in intestinal-type IPMNs 
but usually negative in ductal adeno carcinoma  
  Lower prevalence of  • KRAS  mutations (approxi-
mately 30%) and  TP53  mutations (approximately 
20%) compared to ductal adenocarcinoma

   In addition, colloid carcinomas often harbor  –
somatic mutations in  GNAS , an oncogene 
that is frequently mutated in IPMNs and 
associated adenocarcinomas        

   Hepatoid Carcinoma 
    Very rare variant of pancreatic ductal adeno-• 
carcinoma, with only a few cases reported in 
the literature  
  Too few cases reported to comprehensively • 
determine clinical outcome  
  Microscopically characterized by large polyg-• 
onal neoplastic cells with abundant eosino-
philic cytoplasm  
  Immunohistochemically, neoplastic cells • 
express markers of hepatocyte differentiation 
(HepPar1, polyclonal CEA, CD10, AFP)  
  Poorly characterized at the molecular level     • 

   Medullary Carcinoma 
    Uncommon morphologic variant of pancreatic • 
ductal adenocarcinoma, accounting for <5% 
of ductal adenocarcinomas  
  Age and sex distribution similar to that for • 
pancreatic ductal adenocarcinoma  
  More likely to report a family history of • 
cancer than patients with pancreatic ductal 
adenocarcinoma  
  Medullary carcinomas of the pancreas have • 
been reported in patients with HNPCC or 
with synchronous colorectal adenocarci-
nomas (Table  2.1 )  
  Better prognosis than pancreatic ductal • 
adenocarcinoma  
  Microscopically characterized by poor differ-• 
entiation, pushing borders, syncytial growth, 
and focal to extensive necrosis  
  Medullary carcinomas have distinct molecular • 
features

   High prevalence of microsatellite instability   –
  Lack somatic mutations in   – KRAS , though 
oncogenic  BRAF  mutations have been 
reported     

  The diagnosis of a medullary carcinoma has • 
therapeutic implications—though not studied 
thoroughly in the pancreas, patients with 
microsatellite-unstable medullary colorectal 
adenocarcinomas do not bene fi t from 
 fl uorouracil-based chemotherapy     

   Undifferentiated Carcinoma 
    Uncommon morphologic variant of pancreatic • 
ductal adenocarcinoma, accounting for <10% 
of ductal adenocarcinomas  
  Male predominance (male to female ratio of • 
3:1), average age at diagnosis 63 years  
  Aggressive neoplasm with poor prognosis, • 
with an average survival of only 5 months  
  Multiple possible microscopic patterns (can • 
be mixed within a single tumor):

   Anaplastic carcinoma—mix of noncohe- –
sive pleomorphic mononuclear cells and 
bizarre multinucleated giant cells  
  Sarcomatoid carcinoma—atypical spindle  –
cells arranged in fascicles     

  Immunohistochemically, the neoplastic cells • 
express markers of epithelial differentiation 
(cytokeratins)  
  Pattern of  • KRAS  mutation is similar to pancre-
atic ductal adenocarcinoma  
  Frequent loss of E-cadherin protein expres-• 
sion (Fig.  2.1d )

   The loss of E-cadherin is a possible expla- –
nation for the neoplasm’s discohesive 
morphology  
  Although   – E-cadherin  promoter methyla-
tion has been reported in an undifferenti-
ated carcinoma cell line, no somatic 
mutations in  E-cadherin  have been 
identi fi ed in neoplasms with loss of 
E-cadherin expression  
  Loss of E-cadherin is associated with  –
decreased survival compared to well-, 
moderately-, and poorly differentiated car-
cinomas with intact E-cadherin expression        
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   Undifferentiated Carcinoma 
with Osteoclast-Like Giant Cells 

    Uncommon morphologic variant of pancreatic • 
ductal adenocarcinoma  
  Slight female predominance in reported cases, • 
average age at diagnosis 62 years  
  Aggressive neoplasm with poor prognosis, • 
with a mean survival of only 12 months  
  Microscopically, composed of at least two • 
distinct cell populations:

   Large multinucleated osteoclast-like giant  –
cells with multiple round uniform nuclei  
  Undifferentiated discohesive pleomorphic  –
mononuclear cells with marked nuclear 
pleomorphism and hyperchromasia     

  Immunohistochemically, the osteoclast-like • 
giant cells express histiocyte markers (CD68, 
CD45, KP1) while the atypical mononuclear 
cells variably express markers of epithelial 
differentiation (cytokeratin, EMA)  
  Molecular analyses have clari fi ed the nature • 
of the two characteristic cell types

   While the mononuclear cells contain  –
frequent somatic mutations in  KRAS , these 
mutations are less frequently present in the 
osteoclast-like giant cells

   Moreover, while pleomorphic mononu- °
clear cells variably overexpress p53, 
osteoclast-like giant cells are negative     

  The molecular and immunohistochemical  –
 fi ndings support the conclusion that while 
the mononuclear cells are neoplastic, the 
osteoclast-like giant cells are reactive

   The presence of   ° KRAS  mutations in 
these giant cells is most likely due to 
phagocytosis of tumor DNA by the 
nonneoplastic cells            

   Intraductal Papillary Neoplasms 

   Clinical Features 
    Incidence and prevalence are dif fi cult to esti-• 
mate because most are asymptomatic

   Account for <5% of exocrine pancreatic  –
neoplasms but the majority of cystic 
neoplasms of the pancreas  

  May be more prevalent than currently  –
appreciated—incidental pancreatic cysts 
are identi fi ed in approximately 3% of 
adults undergoing abdominal imaging, and 
many of these are IPMNs     

  Slight male predominance (male to female ratio • 
of 3:2), average age at diagnosis 63 years

   Patients with noninvasive IPMNs are, on  –
average, slightly younger than patients 
with an IPMN with an associated invasive 
carcinoma     

  IPMNs occur in some patients with inherited • 
cancer predisposition (Table  2.1 )

   IPMNs have been reported in patients with  –
PJS, a cancer predisposition syndromes 
associated with germline mutations in the 
 STK11/LKB1  gene on chromosome 19p  
  In PJS, the IPMNs exhibit loss of heterozy- –
gosity at the  STK11/LKB1  gene locus, 
suggestive of a second somatic hit to the 
wild type allele in the neoplasm  
  In addition, an IPMN was reported in a  –
patient with Lynch syndrome (HNPCC), with 
loss of expression of mismatch repair pro-
teins in the neoplastic cells of the pancreas

   This suggests the possibility of IPMN  °
as a rare extracolonic manifestation of 
Lynch syndrome     

  Similarly, although the association is not  –
well-established, IPMNs have been reported 
in patients with FAP     

  Frequently discovered incidentally on • 
abdominal imaging, also can present with 
symptoms due to pancreatic duct obstruction 
(abdominal pain, weight loss, recurrent 
pancreatitis)

   Some patients report a history of symptoms  –
for many years before diagnosis     

  Approximately one-third of IPMNs have an • 
associated invasive adenocarcinoma  
  Prognosis depends almost entirely on the pres-• 
ence of an associated invasive carcinoma

   Surgical resection is curative in most, but  –
not all, patients with a noninvasive IPMN 
(90–95% 5-year survival)

   Some patients with “noninvasive IPMN”  °
eventually die of metastatic carci-
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noma—this is due to metachronous 
multifocal disease     

  For patients with an associated invasive  –
carcinoma, prognosis depends on stage, 
with an average 5-year survival of 40–50%, 
signi fi cantly higher than that of patients 
with pancreatic ductal adenocarcinoma not 
arising from an IPMN

   Much of this improved survival appears  °
to be due to the lower stage at which 
IPMN-associated invasive carcinomas 
are diagnosed           

   Gross and Microscopic Features 
    Majority (70%) arise in the pancreatic head, • 
with 20% in the body or tail and 10% diffusely 
involving the entire gland  
  Multicentricity is common, occurring in up to • 
40% of cases  
  By de fi nition, IPMNs are >1 cm in greatest • 
dimension, but can be quite large and involve 
the entire length of the pancreas

   IPMNs with associated invasive carcinoma  –
are usually larger than noninvasive IPMNs     

  On gross cut section, the main pancreatic duct • 
or one of its branches is dilated, containing 
papillary projections and thick mucin

   The relationship of the dilated duct to the  –
main pancreatic duct is used to classify the 
neoplasm:

   Main duct-type—neoplasm involves the  °
main pancreatic duct  
  Branch duct-type—neoplasm involves  °
the secondary branches but not the main 
pancreatic duct  
  Combined type—neoplasm involves the  °
main pancreatic duct and its branches 
(clinical behavior similar to main duct-
type)

   Main duct IPMNs are more likely to  �
have high-grade dysplasia or an 
associated invasive carcinoma than 
are branch duct-type IPMNs           

  Microscopically, IPMNs consist of mucin-• 
secreting columnar epithelium lining the 
pancreatic duct system, variably forming 
papillary projections

   Multiple histologic subtypes are recognized: –
   Intestinal type—papillae with long vil- °
lous projections, lined by epithelial cells 
with apical mucin and cigar-shaped 
nuclei as well as scattered goblet cells  
  Gastric foveolar type— fl at epithelium  °
or small papillae lined by epithelium 
with small basal nuclei, eosinophilic 
cytoplasm, and apical mucin—often 
occurs in branch duct IPMNs with low-
grade dysplasia  
  Pancreatobiliary type—complex papil- °
lary structures with bridging and cribri-
forming, lined by cuboidal epithelial 
cells with little extracellular mucin and 
round nuclei with open chromatin and 
variably prominent nucleoli—more 
likely than other types to harbor high-
grade dysplasia  
  Oncocytic type—architecturally com- °
plex papillae with bridging and cribri-
forming, lined by cells with abundant 
granular pink cytoplasm and round 
nuclei     

  Noninvasive neoplasms are categorized  –
based on the degree of dysplasia in their 
mucinous epithelium

   Low-grade dysplasia: mild architectural  °
and cytologic atypia  
  Intermediate-grade dysplasia: moderate  °
architectural and cytologic atypia, with 
papillary projections, nuclear 
pseudostrati fi cation, and nuclear 
enlargement  
  High-grade dysplasia: marked architec- °
tural and cytologic atypia, with irregular 
papillae with cribriforming and bud-
ding, loss of nuclear polarity, signi fi cant 
nuclear pleomorphism, and mitotic 
 fi gures     

  Approximately one-third of IPMNs have  –
an associated invasive adenocarcinoma

   In half the cases, the carcinoma is an  °
invasive colloid carcinoma, character-
ized by large pools of extracellular 
mucin with free- fl oating neoplastic epi-
thelial cells
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   These patients have a better progno- �
sis than those with tubular carcinoma 
arising in association with an IPMN  
  Colloid carcinomas in the pancreas  �
are almost universally associated 
with IPMNs of the intestinal subtype     

  In the remaining half of the cases, the  °
carcinoma is a tubular carcinoma, mor-
phologically indistinguishable from a 
pancreatic ductal adenocarcinoma aris-
ing without an IPMN, composed of an 
invasive gland-forming carcinoma with 
desmoplastic stroma and minimal extra-
cellular mucin production        

  Immunohistochemistry• 
   Positive in neoplastic cells: cytokeratins  –
and CEA  
  Variably positive in neoplastic cells: scat- –
tered basal neuroendocrine cells express-
ing chromogranin and synaptophysin  
  MUC expression varies based on histologic  –
subtype

   Intestinal type—positive for MUC2 and  °
MUC5AC, negative for MUC1 (also 
positive for CDX2)

   More likely to progress to invasive  �
colloid carcinomas that are also 
MUC2 positive and MUC1 negative     

  Gastric foveolar type—positive for  °
MUC5AC, negative for MUC2 and 
MUC1  
  Pancreatobiliary type—positive for  °
MUC1 and MUC5AC, negative for 
MUC2

   More likely to progress to invasive  �
ductal adenocarcinomas that are 
MUC1 positive and MUC2 negative           

  Far less common than IPMNs, intraductal • 
neoplasms can also be nonmucinous

   Intraductal tubulopapillary neoplasm— –
back to back tubular glands with cribriform 
architecture, prominent necrosis, minimal 
mucin production, and occasional papillary 
formations        

   Molecular Features 
    See Table  • 2.2   

  Frequent alterations in genes commonly • 
mutated in pancreatic ductal adenocarcinoma 
( KRAS ,  TP53 ,  SMAD4/DPC4 ,  p16/CDKN2A )

   Somatic mutations in   – KRAS  occur fre-
quently in IPMNs, involving 30–80% of 
neoplasms, with increasing mutation prev-
alence in neoplasms with high-grade dys-
plasia or associated adenocarcinoma

   When extremely sensitive techniques  °
are employed, 80% of IPMNs have been 
found to harbor  KRAS  gene mutations

   Somatic   � KRAS  mutations occur in all 
histologic subtypes of IPMN  
  Rare somatic mutations in   � BRAF  
have also been reported in IPMNs        

  p53 overexpression is most prevalent in  –
areas of high-grade dysplasia and invasive 
carcinoma associated with IPMNs

   Somatic mutations of   ° TP53  have also 
been reported, and these occurred only 
in cases with high-grade dysplasia     

  Dpc4 expression is retained in the vast  –
majority of noninvasive IPMNs and lost 
in approximately one-third of IPMN-
associated invasive carcinomas, suggest-
ing a lower prevalence of Dpc4 loss in 
IPMN-associated invasive carcinomas 
compared to pancreatic ductal adenocar-
cinomas not arising in association with 
an IPMN  
  Loss of p16 protein expression occurs in  –
both noninvasive IPMNs and invasive car-
cinoma arising in association with an 
IPMN, but loss is much more prevalent in 
invasive carcinomas (100% of invasive car-
cinomas vs. 10% of noninvasive IPMNs in 
one study)

   Hypermethylation of the   ° p16/CDKN2A  
promoter occurs in >50% of noninva-
sive IPMNs and IPMNs with associated 
adenocarcinoma        

  Approximately 60% of IPMNs possess • 
somatic mutations in  GNAS , an oncogene with 
mutations in pituitary and other uncommon 
neoplasms

   The mutations in IPMNs all occurred at a pre- –
viously described oncogenic hotspot (codon 
201), and in cases with an associated adeno-
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carcinoma,  GNAS  mutations were detected in 
both in situ and in fi ltrating components  
  Mutations in   – GNAS  are most prevalent in 
intestinal-type IPMNs

   The protein encoded by   ° GNAS  couples 
transmembrane receptors to their down-
stream signaling proteins, such as ade-
nylyl cyclase, playing a crucial role in 
numerous cell signaling pathways        

  Approximately 75% of IPMNs possess • 
somatic mutations in  RNF43 , which encodes 
an E3 ubiquitin ligase

   The majority of these mutations lead to the  –
insertion of stop codons, and there is fre-
quent LOH at chromosome 17q (the loca-
tion of  RNF43 ), providing strong evidence 
that  RNF43  is a tumor suppressor gene     

  Somatic mutations in  • PIK3CA  (some at previ-
ously described oncogenic hotspots) occur in 
approximately 10% of IPMNs

   The protein encoded by   – PIK3CA  is the cata-
lytic component of crucial cell signaling kinase 
that regulates numerous pathways involved in 
growth, proliferation, and apoptosis     

  Rare somatic mutations in  • EGFR  and  HER2  
have been described in IPMNs  
  In addition to reports of IPMNs in patients • 
with germline alterations of  STK11/LKB1  
(PJS), sporadic IPMNs also undergo somatic 
mutation (5%) and loss of heterozygosity 
(25%) at the  STK11/LKB1  locus  
  Sequencing of all protein-coding genes in • 
eight IPMNs identi fi ed the frequent alterations 
of  KRAS ,  GNAS , and  RNF43 

   In addition, two somatic alterations were  –
also identi fi ed in  APC . Although one muta-
tion was a nonsense base substitution, in 
silico studies suggest that the other muta-
tion is unlikely to alter protein function. 
Thus, the signi fi cance of  APC  mutations in 
IPMNs remains uncertain  
  These studies identi fi ed an average of 26  –
nonsynonymous somatic mutations per 
IPMN, approximately half as many as in 
invasive ductal adenocarcinoma     

  Promoter hypermethylation occurs in several • 
genes (including  APC ,  E-cadherin ,  hMLH1 , 
 MGMT ) in noninvasive IPMNs and IPMNs 

with associated adenocarcinoma, with more 
prevalent methylation in neoplasms with 
adenocarcinoma

   Hypermethylation of multiple genes is also  –
more prevalent in IPMNs with an associ-
ated invasive adenocarcinoma     

  Large-scale chromosomal alterations have • 
been identi fi ed in IPMNs with all levels of 
dysplasia, but copy number alterations are 
much more frequent in IPMNs with high-
grade dysplasia  
  Analyses of microRNA expression have • 
revealed signi fi cantly higher expression of 
miR-21, miR-221, and miR-17–3p in IPMNs 
as compared to nonmucinous cysts  
  Mutations in neoplastic cells can be detected • 
in aspirated IPMN cyst  fl uid, indicating that 
molecular studies of cyst  fl uid represent a 
promising diagnostic tool to preoperatively 
classify cystic lesions in the pancreas

   More than 95% of IPMNs contain a somatic  –
mutation in either  KRAS  or  GNAS , illustrat-
ing that molecular analyses are a highly 
sensitive assay for the identi fi cation of 
IPMNs         

   Mucinous Cystic Neoplasm 

   Clinical Features 
    Uncommon neoplasms, accounting for <10% • 
of all surgically resected cystic pancreatic 
lesions  
  Vast majority, but not all, occur in women • 
(female to male ratio of approximately 
20:1), with a mean age at presentation of 
40–50 years  
  No known genetic predilection or association • 
with particular genetic syndromes  
  Frequently discovered incidentally on abdom-• 
inal imaging, also can present with nonspeci fi c 
symptoms due to compression of adjacent 
organs (abdominal pain or fullness)  
  Associated invasive adenocarcinoma is pres-• 
ent in 20–33% of mucinous cystic neoplasms 
(MCNs)  
  Prognosis depends almost entirely on the pres-• 
ence of an associated invasive carcinoma
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   Surgical resection is curative in almost all  –
patients with a noninvasive MCN  
  For patients with an associated invasive  –
carcinoma, prognosis depends on stage, 
with an average 5-year survival of 25–50%        

   Gross and Microscopic Features 
    Almost all (>95%) occur in body and tail of • 
the pancreas  
  Usually solitary, with a thick well-demarcated • 
capsule  
  Wide size range (2–35 cm), average 6–10 cm • 
in greatest dimension  
  On cut section, the neoplasm is most fre-• 
quently a multiloculated thick-walled cyst 
with adherent thick mucin

   Some locules may also contain hemorrhagic  –
or necrotic debris admixed with mucin  
  Cyst walls can be smooth or may contain  –
papillary excrescences or mural nodules, 
the latter associated with high-grade dys-
plasia or an associated invasive carci-
noma. Importantly, the cysts do not 
communicate with the larger ducts of the 
pancreas     

  Microscopically, by de fi nition, two compo-• 
nents are present—the cysts are lined by 
mucin-producing columnar epithelial cells 
with an underlying ovarian-type stroma

   Architecturally, MCNs consist of a mul- –
tiloculated cyst surrounding by a thick 
 fi brous capsule, separating the cyst from 
the adjacent uninvolved pancreas  
  Cyst-lining epithelial cells are tall and  –
columnar, with small basal nuclei and 
abundant apical mucin

   Commonly observed directions of dif- °
ferentiation in the epithelium include 
pseudopyloric, gastric–folveolar, and 
intestinal     

  Associated with the mucinous epithelium,  –
these neoplasms possess a characteristic 
ovarian-type stroma, consisting of dense 
spindle cells with elongated nuclei and 
sparse cytoplasm

   This stroma is required for the diagnosis  °
of MCN     

  Noninvasive neoplasms are categorized  –
based on the degree of dysplasia in their 
mucinous epithelium

   Low-grade dysplasia: mild architectural  °
and cytologic atypia  
  Intermediate-grade dysplasia: moderate  °
architectural and cytologic atypia, with 
papillary projections, nuclear 
pseudostrati fi cation, and nuclear 
enlargement  
  High-grade dysplasia: severe architec- °
tural and cytologic atypia, with irregular 
papillae, loss of nuclear polarity, and 
signi fi cant nuclear pleomorphism     

  Approximately one-third of MCNs have an  –
associated invasive adenocarcinoma, most 
commonly conventional ductal adenocarci-
noma though several less common carci-
noma variants have been reported

   The transition from low-grade to high- °
grade dysplasia, and even to invasive 
carcinoma, can be abrupt and focal, 
necessitating extensive histologic sam-
pling of these neoplasms to assess for an 
invasive carcinoma  
  Rare cases of biphasic malignant neo- °
plasms containing both carcinomatous and 
high-grade spindle cell (“sarcomatous”) 
components have been reported in associa-
tion with MCNs        

  Immunohistochemistry• 
   Epithelial cyst lining –

   Positive in neoplastic cells: cytokeratins  °
and CEA  
  Variably positive in neoplastic cells: scat- °
tered basal neuroendocrine cells positive 
for chromogranin and synaptophysin  
  Negative in neoplastic cells: CDX2,  °
CK20  
  Differing expression of mucin markers  °
has been associated with the transition 
to invasive carcinoma—noninvasive 
MCNs are MUC5AC-positive and 
MUC1-negative, while invasive carcino-
mas are frequently MUC5AC-positive 
and MUC1-positive     

  Ovarian-type stroma –
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   Positive in the stromal cells: vimentin,  °
smooth muscle actin, desmin, calretinin, 
inhibin  
  Variably positive in the stromal cells:  °
progesterone receptor (50–75% of neo-
plasms), estrogen receptor (25% of 
neoplasms)  
  Negative in the stromal cells: S100 pro- °
tein, CD34           

   Molecular Features 
    See Table  • 2.2   
  Frequent alterations in genes commonly • 
mutated in pancreatic ductal adenocarcinoma 
( KRAS ,  TP53 ,  SMAD4/DPC4 ,  p16/CDKN2A )

   Somatic   – KRAS  mutations are frequently 
detected in MCNs, with mutation preva-
lence correlated with degree of dysplasia

   Typical   ° KRAS  mutations have been 
identi fi ed in approximately 30% of neo-
plasms with low-grade dysplasia and 
approximately 80% of neoplasms with 
high-grade dysplasia or invasive 
carcinoma

     � KRAS  mutations can be detected in 
cyst  fl uid aspirated from MCNs, sug-
gesting that mutational analysis of 
cyst  fl uid may become an important 
ancillary diagnostic test to character-
ize cystic lesions in the pancreas, 
including MCNs        

  p53 overexpression is limited to areas of  –
high-grade dysplasia and invasive carci-
noma in MCNs, and  TP53  mutation has 
been reported in neoplasms with high-
grade dysplasia  
  Loss of Dpc4 protein expression, a surro- –
gate for  SMAD4/DPC4  gene mutation, is 
associated with the transition to invasive 
carcinoma

   Intact Dpc4 protein expression is  °
reported in virtually all noninvasive 
neoplasms but only a subset of invasive 
carcinomas associated with MCNs     

  Mutation in   – p16/CDKN2A  has also been 
reported in a neoplasm with high-grade 
dysplasia. Hypermethylation of the  p16/

CDKN2A  promoter has been identi fi ed in 
approximately 15% of MCNs  
  These  fi ndings suggest a model of stepwise  –
dysplasia and carcinogenesis in MCNs in 
which  KRAS  mutation is an early event and 
loss of Dpc4 is a late event

   In a mouse model of pancreatic neopla- °
sia, oncogenic  KRAS  mutation and 
haploin suf fi ciency of  SMAD4/DPC4  
cooperatively led to the development of 
MCNs  
  Additional somatic genetic alterations  °
occurred during the development of 
MCNs in this model, including loss of 
heterozygosity of  SMAD4/DPC4  and 
mutation of  TP53  or  p16/CDKN2A         

  Sequencing of all protein-coding genes in • 
eight MCNs revealed frequent somatic altera-
tions in  KRAS ,  RNF43 , and  TP53 

   Most of the mutations in   – RNF43  were 
nonsense substitutions, further con fi rming 
this gene’s role as a tumor suppressor in 
mucin-producing cystic neoplasms of the 
pancreas  
  These studies identi fi ed an average of 16  –
nonsynonymous somatic mutations per 
MCN, fewer than in IPMN and invasive 
ductal adenocarcinoma     

  Lack alterations in  • b -catenin, which is fre-
quently altered in solid-pseudopapillary neo-
plasms of the pancreas  
  No evidence of microsatellite instability. • 
Aneuploidy has been reported in carcinomas 
associated with MCNs and is associated with 
poor prognosis  
  Gene expression studies suggest different • 
expression pro fi les in the epithelial and stromal 
components, with activation of the Notch 
pathway ( JAG1  and  HES1 ) in the epithelial 
component and activation of estrogen metabo-
lism ( STAR  and  ESR ) in the stromal 
component

   The genetic or epigenetic underpinnings of  –
these expression differences have not been 
elucidated     

  In rare invasive carcinomas with both carcino-• 
matous and “sarcomatous” components, the his-
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tologically distinct components contain nearly 
identical patterns of loss of heterozygosity

   These  fi ndings suggest a monoclonal ori- –
gin for the two components with subse-
quent genetic and morphologic diversion in 
this rare subtype         

   Serous Cystadenoma 

   Clinical Features 
    Uncommon neoplasm, accounting for 1–2% • 
of all pancreatic neoplasms, but close to one-
third of all cystic neoplasms of the pancreas  
  Occurs primarily in adults (mean age 60–65 • 
years) with female predominance (female to 
male ration of 7:3)  
  Associated with von Hippel–Lindau syndrome • 
(VHL), an autosomal dominant disorder char-
acterized by clear cell neoplasms in multiple 
organs (Table  2.1 )

   VHL is caused by mutations in the   – VHL  
gene on chromosome 3p, which is involved 
in the regulation of the Hypoxia-inducible 
factor 1 (HIF1 a ) pathway  
  Up to 90% of patients with VHL develop  –
serous cystadenomas (SCAs) of the pancreas, 
and these pancreatic lesions may be the  fi rst 
presentation in patients with VHL  
  The SCAs that arise in patients with VHL  –
are often combined serous neuroendocrine 
neoplasms     

  SCAs are frequently discovered incidentally • 
on abdominal imaging but also can present 
with symptoms due to abdominal mass 
(abdominal pain, nausea, and vomiting)

   Jaundice is rare   –
  Patients with VHL may present with diabe- –
tes mellitus due to diffuse involvement of 
the pancreas by SCAs     

  Excellent prognosis—neoplasms are slow • 
growing (approximately 0.60 cm/year), and 
complete surgical resection is curative in 
almost all cases

   Exceedingly rare malignant variant (serous  –
cystadenocarcinoma), de fi ned by distant 
metastasis, also has favorable prognosis, 

with most patients alive at the time their 
reports were published (average followup 
36 months)        

   Gross and Microscopic Features 
    Occur more frequently in the pancreatic body • 
and tail (50–75% of cases) than in the pancre-
atic head  
  In sporadic cases, most often solitary and • 
well-demarcated mass

   Patients with VHL frequently develop mul- –
tiple SCAs, which may involve the pan-
creas diffusely     

  Wide size range (1–25 cm), average 6 cm in • 
greatest dimension  
  On cut section, most commonly a well-circum-• 
scribed, slightly bosselated, sponge-like mass 
composed of numerous small thin-walled cysts 
 fi lled with clear to straw-colored watery  fl uid

   Often have a central scar with radiating  –
 fi brous septa  
  This common pattern is referred to as  –
microcystic  
  However, uncommon variants exist, most  –
of which are de fi ned by their gross appear-
ances, including:

   Macrocystic variant—few or single  °
large smooth-walled cyst(s)  
  Solid variant—soft,  fl eshy pink-tan solid  °
mass mimicking a neuroendocrine tumor  
  VHL-associated variant—multiple  °
lesions grossly similar to microcystic 
SCAs may diffusely involve the 
pancreas  
  Combined serous neuroendocrine neo- °
plasm—the two components may be 
grossly distinct or intimately admixed. 
Many of these patients have VHL        

  Microscopically, composed of cysts lined by • 
uniform cuboidal cells with clear glycogen-
rich cytoplasm and central round nuclei
   Most common architectural pattern (micro- –
cystic) is that of numerous small cysts lined 
by a single layer of cuboidal epithelial cells. 
Micropapillae may be present in cyst lining. 
Uncommon variants have distinct architec-
tural features:
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   Macrocystic variant—few large cysts  °
lined by a single layer of cuboidal epi-
thelial cells  
  Solid variant—cuboidal cells arranged  °
in small acini with minute central 
lumina  
  VHL-associated variant—microscopi- °
cally similar to microcystic SCA  
  Combined serous neuroendocrine neo- °
plasm—the serous areas form small 
thin-walled cysts, while the neuroen-
docrine areas form solid foci in which 
the neoplastic cells form nests or 
trabeculae     

  Neoplastic cells do not in fi ltrate adja- –
cent pancreas, but atrophy of the adja-
cent pancreas is common, particularly 
when the neoplasm compresses the pan-
creatic duct  
  Cytoplasm is most often clear due to abun- –
dant glycogen, but rarely cytoplasm can 
have an oncocytic appearance  
  Nuclei are round and uniform—small,  –
hyperchromatic, with inconspicuous 
nucleoli     

  Immunohistochemistry• 
   Positive in neoplastic cells: cytokeratins  –
(including AE1/AE3, CAM5.2, CK7, CK8, 
CK18, CK19), inhibin, MUC6  
  Negative in neoplastic cells: CEA, chro- –
mogranin, synaptophysin, pancreatic hor-
mones (insulin, glucagon, somatostatin), 
MUC2, MUC5     

  Serous cystadenocarcinomas are de fi ned • 
by the presence of distant metastases and 
are microscopically indistinguishable from 
SCAs     

   Molecular Features 
    See Table  • 2.2   
  Somatic inactivating mutations in  • VHL  gene 
have been reported in at least 20% of sporadic 
SCAs

   Loss of heterozygosity of chromosome 3p  –
at the  VHL  locus also occurs in a large pro-
portion of sporadic neoplasms

   Neoplasms in patients with VHL syn- °
drome also consistently show loss of 

heterozygosity of chromosome 3p ( VHL  
gene)        

  Sequencing of all protein-coding genes in eight • 
SCAs con fi rmed frequent somatic alterations in 
 VHL  (altered in 50% of SCAs studied)

   No additional genes with frequent somatic  –
alterations were identi fi ed  
  These studies identi fi ed an average of ten  –
nonsynonymous somatic alterations per 
tumor, approximately half the number of 
alterations in IPMN and far fewer than in 
invasive ductal adenocarcinoma     

  Lack alterations in genes frequently mutated • 
in pancreatic ductal adenocarcinoma ( KRAS , 
 TP53 )  
  Aberrant methylation at a few loci reported in • 
only a minority of cases  
  Lack alterations in  • b -catenin, which is fre-
quently mutated in solid pseudopapillary neo-
plasms of the pancreas  
  Microsatellite instability has not been • 
identi fi ed in sporadic neoplasms  
  In addition to allelic loss of chromosome 3p in • 
a large proportion of sporadic SCAs, allelic 
loss of chromosome 10q has been reported in 
50% of cases

   Losses in several other chromosomes have  –
been reported in multiple SCAs  
  No target genes for these losses have been  –
identi fi ed          

   Neoplasms with Neuroendocrine 
Differentiation 

   Pancreatic Neuroendocrine Tumors 

   Clinical Features 
    Well-differentiated pancreatic neuroendocrine • 
tumors (PanNETs) are uncommon neoplasms, 
accounting for 1–2% of all pancreatic neoplasms

   High-grade neuroendocrine carcinomas are  –
very rare, accounting for <1% of pancreatic 
carcinomas and 2–3% of PanNETs     

  Can occur at any age, but are most common • 
between 30 and 60 years (average age at diag-
nosis 50 years)—slight female predominance 
(female to male ratio of 1.15:1)  
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  PanNETs occur as key features of multiple • 
inherited syndromes (Table  2.1 )

   Multiple endocrine neoplasia syndrome,  –
type 1 (MEN1)—caused by germline muta-
tions in tumor suppressor gene  MEN1  on 
chromosome 11q. MEN1 is an autosomal 
dominant clinical syndrome characterized 
by neuroendocrine lesions of the parathy-
roid, pituitary, pancreas, duodenum (gastri-
nomas), and adrenal

   Pancreas is involved on 60–70% of  °
patients with MEN1     

  VHL—caused by germline mutation in  –
tumor suppressor gene  VHL  on chromo-
some 3p, which is involved in the regula-
tion of the HIF1 a  pathway

   VHL is an autosomal dominant clinical  °
syndrome characterized by neoplasms 
in various organs including hemangio-
blastomas of the eye and cerebellum, 
pheochromocytomas, renal cell carcino-
mas, and serous cystadenonomas and 
PanNETs of the pancreas  
  Many of these neoplasms are composed  °
of optically clear cells  
  PanNETs occur in 5–10% of patients,  °
with somatic loss of wild type allele of 
 VHL  in neoplastic cells        

  PanNETs rarely occur in other genetic syn-• 
dromes (Table  2.1 )

   Tuberous sclerosis complex (TSC)— –
caused by germline mutations in tumor 
suppressor genes  TSC1  on chromosome 9q 
or  TSC2  on chromosome 16p

   TSC is an autosomal dominant clinical  °
syndrome characterized by hamartomas 
and rare malignant neoplasms  
  PanNETs have rarely been reported in  °
children with TSC     

  Neuro fi bromatosis type 1 (NF1)—caused  –
by germline mutations in tumor suppressor 
gene  NF1  on chromosome 17q

   NF1 is an autosomal dominant clinical  °
syndrome characterized most promi-
nently by nervous system abnormalities

   PanNETs expressing somatostatin  �
(somatostatinomas) are a rare  fi nding 
in NF1  

  Although pancreatic tumors have been  �
reported, somatostinomas arise more 
frequently in the duodenum or ampulla 
of Vater of patients with NF1           

  Presenting symptoms vary based on size and • 
type of PanNET

   PanNETs that secrete hormones frequently  –
present with a characteristic clinical syn-
drome due to hormone excess (functional 
PanNETs)

   The presence of a clinical syndrome of  °
hormone excess is required to classify a 
PanNET as functional     

  Small nonfunctional PanNETs are usually  –
found incidentally on abdominal imaging 
or in pancreata resected for other reasons  
  Larger nonfunctional PanNETs may pres- –
ent with nonspeci fi c symptoms related to a 
large abdominal mass (abdominal pain, 
nausea)

   Jaundice infrequently occurs in patients  °
with PanNETs        

  Prognosis depends on size, grade, and stage of • 
the PanNET

   Small nonfunctional microadenomas  –
(<0.5 cm) are considered clinically benign 
and are completely cured by surgical 
resection  
  PanNETs are graded based on their prolif- –
erative rate, as assessed by mitotic count or 
Ki67 labeling index (see below)

   However, all PanNETs except microad- °
enomas are regarded as having malig-
nant potential, with an average 5-year 
survival of 65%     

  High-grade neuroendocrine neoplasms  –
(de fi ned by mitotic count or Ki67 labeling 
index—see below) are designated pancre-
atic neuroendocrine carcinomas

   They are highly aggressive neoplasms  °
with mortality of almost 100% (survival 
of 1 month to 1 year)           

   Gross and Microscopic Features 
    Can occur anywhere in the pancreas, with • 
some speci fi c localization for functional types

   For example, gastrinomas and somatostati- –
nomas tend to be in the duodenum     



352 Molecular Pathology of Pancreatic Cancer

  Sporadic PanNETs are usually solitary and • 
well-demarcated. Patients with MEN1 are fre-
quently diagnosed with multiple synchronous 
PanNETs  
  Functional PanNETS, particularly insulino-• 
mas, are frequently small at diagnosis (<2 cm) 
due to early clinical detection from symptoms 
of hormone excess

   Nonfunctional PanNETS are generally  –
larger (frequently >5 cm), at least partially 
due to later detection in absence of a 
speci fi c clinical syndrome     

  On gross cut section, most PanNETs are solid • 
pink-tan masses with well-de fi ned borders, 
varying in consistency from soft and  fl eshy to 
densely  fi brotic

   Infrequently, areas of hemorrhage, necro- –
sis, and cystic degeneration can occur, par-
ticularly in larger neoplasms  
  In contrast, neuroendocrine carcinomas are  –
usually large  fi rm masses with ill-de fi ned 
borders     

  Microscopically, PanNETs consist of an • 
organoid proliferation of uniform cells with 
neuroendocrine features

   Numerous architectural patterns have been  –
described, including trabecular, nested, and 
gyriform

   Many neoplasms have a mixed architec- °
tural pattern     

  Some PanNETs have a  fi brotic capsule   –
  Individual cells have a distinct neuroendo- –
crine morphology, with a moderate amount 
of  fi nely granular cytoplasm, round nuclei 
with coarsely clumped (“salt and pepper”) 
chromatin, and occasional nucleoli

   Cytoplasmic hyaline globules (similar  °
to those seem in solid-pseudopapillary 
neoplasm) may rarely be present     

  Some morphologic  fi ndings are suggestive  –
of speci fi c functional PanNETs

   Amyloid deposition is common in  °
insulinomas  
  Psammoma bodies occur most com- °
monly in somatostatinomas     

  PanNETs are graded based on proliferative  –
rate, as assessed by mitotic count or Ki67 
labeling index

   Grade 1 (low grade) PanNET—0–1  °
mitosis per 10 high-power  fi elds (hpf), 
Ki67 index of 0–2%  
  Grade 2 (intermediate grade)  °
PanNET—2–20 mitoses per 10 hpf, 
Ki67 index of 3–20%  
  Grade 3 (high grade) pancreatic neu- °
roendocrine carcinoma—>20 mitoses 
per 10 hpf, Ki67 index >20%     

  Two histologic subtypes of neuroendocrine  –
carcinoma

   Small cell carcinoma—highly cellular  °
in fi ltrative neoplasm of small-to medi-
um-sized cells with scant cytoplasm, 
nuclear molding, and  fi nely granular 
chromatin  
  Large cell variant of neuroendocrine  °
carcinoma—nested pattern of large cells 
with amphophilic cytoplasm and large 
oval nuclei with coarsely clumped chro-
matin and prominent nucleoli        

  Immunohistochemistry• 
   Positive in neoplastic cells: synaptophysin  –
(diffuse), chromogranin (diffuse or focal), 
CD56 (less speci fi c), CD57 (less speci fi c), 
cytokeratins 8 and 18

   Functional PanNETs are frequently pos- °
itive for their secreted hormone (insulin, 
glucagon, etc.)

   However, immunohistochemical evi- �
dence of hormone expression is not 
suf fi cient to classify a PanNET as 
functional in the absence of speci fi c 
clinical symptoms     

  Neuroendocrine carcinoma may have  °
variable or absent expression of neu-
roendocrine markers (chromogranin, 
synaptophysin)  
  If >25% of neoplastic cells express aci- °
nar markers (trypsin, chymotrypsin), the 
neoplasm should be classi fi ed as a mixed 
acinar neuroendocrine carcinoma           

   Molecular Features 
    See Table  • 2.2   
  Somatic mutations in  • MEN1  occur in approxi-
mately 45% of sporadic PanNETs

   Loss of heterozygosity at the   – MEN1  locus 
also occurs in 30–70% of PanNETs, includ-
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ing some PanNETs without somatic  MEN1  
mutation  
  Mutations in   – MEN1  are associated with 
better prognosis  
  Neoplasms with   – MEN1  mutation show loss 
of expression or aberrant localization of the 
MEN1 protein

   In addition, some neoplasms without  °
 MEN1  mutation also exhibit aberrant 
MEN1 protein localization, suggesting 
that mechanisms in addition to  MEN1  
mutation contribute to MEN1 protein 
dysfunction in PanNETs        

  Genes involved in a chromatin remodeling • 
complex ( DAXX  and  ATRX ) are somatically 
mutated (including numerous inactivating 
mutations) in approximately 45% of sporadic 
PanNETs

   These genes are part of a complex that is  –
important for telomere maintenance, and 
inactivation of these genes in PanNETs is 
associated with the telomerase-indepen-
dent telomere maintenance mechanism 
known as ALT (alternative lengthening of 
telomeres)  
  Mutations in   – DAXX  or  ATRX  are associated 
with better prognosis  
  Neoplasms with somatic mutations in  –
 DAXX  or  ATRX  show loss of protein 
expression by immunohistochemistry 
(Fig.  2.1e, f )     

  Somatic mutations of genes in the cell signal-• 
ing pathway of mammalian target of rapamy-
cin (mTOR), including  PIK3CA ,  PTEN , and 
 TSC2 , occur in approximately 15% of spo-
radic PanNETs

   In addition to somatic mutation of the   – TSC2  
gene, loss of heterozygosity at the  TSC2  
locus on chromosome 16p occurs in 
approximately one-third of PanNETs  
  The alterations in the mTOR pathway may  –
carry clinical signi fi cance, as drugs target-
ing this pathway have been developed for 
clinical use     

  Sequencing of all protein-coding genes in ten • 
PanNETs revealed an average of 16 nonsyn-
onymous somatic mutations per PanNET, far 
fewer than in invasive ductal adenocarcinoma  
  Lack alterations in genes commonly mutated • 
in pancreatic ductal adenocarcinoma ( KRAS , 
 TP53 ,  SMAD4/DPC4 ,  p16/CDKN2A )

   Somatic mutations in   – KRAS  and  BRAF  
have not been identi fi ed in PanNETs  
  Rare   – TP53  mutations occur in approxi-
mately 3% of PanNETs, signi fi cantly lower 
mutation prevalence from that reported in 
invasive ductal adenocarcinomas (approxi-
mately 85%)

   However, copy number alterations of  °
p53 regulators such as  MDM2  have been 
reported in PanNETs, suggesting other 
possible mechanisms for alteration of 
the p53 pathway in these neoplasms     

  Although rare   – SMAD4/DPC4  alterations 
have been reported in a small set of 
PanNETs, no alterations were identi fi ed in 
a recent whole-exome sequencing study of 
PanNETs  
  Promoter hypermethylation of in   – p16/
CDKN2A  occurs in approximately 50% of 
gastrinomas, but somatic mutation or 
homozygous deletion of in  p16/CDKN2A  
has not been reported in PanNETs     

  Promoter methylation and deletion of  • VHL  
occurs in up to 25% of sporadic PanNETs and 
is associated with activation of the HIF1 a  
hypoxia signaling pathway  
  Large-scale chromosomal gains and losses • 
(including some recurrent alterations) are also 
present in PanNETs

   Moreover, PanNETs with multiple chro- –
mosomal abnormalities are more likely to 
present with metastatic disease and possess 
a worse prognosis     

  The prevalence of microsatellite instability in • 
PanNETs is not known, although none of the 
tumors in a recent large-scale PanNET sequenc-
ing study showed defects in mismatch repair       
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   Neoplasms with Ambiguous Direction 
of Differentiation 

   Solid Pseudopapillary Neoplasm 

   Clinical Features 
    Rare pancreatic neoplasm, accounting for • 
<5% of all pancreatic malignancies  
  Occur predominantly in young women (mean • 
age 28 years), with a female to male ratio of 9:1  
  No known genetic predilection or association • 
with particular genetic syndromes, although one 
case has been reported in a patient with FAP  
  Frequently discovered incidentally on abdom-• 
inal imaging, also can present with symptoms 
due to abdominal mass (abdominal pain, nau-
sea, early satiety)

   Rarely rupture of the tumor can cause an  –
acute abdomen     

  Overall prognosis is very favorable, with • 
85–95% of patients cured after complete sur-
gical resection

   Even recurrences and metastases are fre- –
quently surgically resectable, with only 
rare patients dying of disease  
  Stage is the best predictor of outcome in  –
patients with solid pseudopapillary 
neoplasm        

   Gross and Microscopic Features 
    Not localized to a speci fi c part of the pancreas • 
(evenly distributed throughout head, body, and 
tail)  
  Almost all are solitary. Most are grossly well-• 
demarcated and often appear grossly 
encapsulated  
  Wide size range (0.5–25 cm), but on average • 
tumors are large (9–10 cm in greatest 
dimension)  
  On gross cut section, most have both solid areas • 
(soft white-gray to yellow) and cystic degener-
ative areas (irregularly shaped with friable 
material and hemorrhage)—proportion of indi-
vidual components is variable among tumors  
  Microscopically, consist of uniform poorly • 
cohesive cells supported by delicate small 

blood vessels. The neoplastic cells have no 
known counterpart in the normal pancreas

   Architecture is often a mix of solid areas  –
and areas with degenerative changes

   In the degenerative areas, characteristic  °
pseudopapillae are formed when some 
poorly cohesive neoplastic cells drop 
away, leaving a thin layer of neoplastic 
cells surrounding a small blood vessel  
  Cystic degeneration may also occur      °

  Although grossly well-demarcated, neo- –
plastic cells often microscopically deli-
cately in fi ltrate into the adjacent 
nonneoplastic pancreas  
  Foamy macrophages, cholesterol clefts,  –
and hemorrhage are common  
  Cytoplasm of the neoplastic cells is fre- –
quently eosinophilic, though clear or foamy 
change can occur

   Vacuoles may be present, and hyaline  °
globules can be a clue to the diagnosis     

  Nuclei are round with stippled chromatin  –
and frequent nuclear grooves     

  Immunohistochemistry• 
   Abnormal nuclear labeling with   – b -catenin 
(Fig.  2.1a )  
  Diffusely positive in neoplastic cells:  –
 b -catenin (nuclear and cytoplasmic), CD10, 
 a -1 antitrypsin, progesterone receptor  
  Variably positive in neoplastic cells: synap- –
tophysin, cytokeratin  
  Negative in neoplastic cells: chromogranin,  –
pancreatic hormones (insulin, somatosta-
tin, glucagon), lipase, trypsin, chy-
motrypsin, estrogen receptors        

   Molecular Features 
    See Table  • 2.2   
  Activating somatic mutations in  • b -catenin 
gene ( CTNNB1 ) occur in 95% of cases. These 
alterations lead to abnormal nuclear accumu-
lation of  b -catenin protein in almost 100% of 
cases (Fig.  2.1a )

   The   – b -catenin protein has diverse functions 
in normal cells

     ° b -catenin is involved in cell adhesion 
through its interactions with E-cadherin  
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  When not associated with E-cadherin,  °
 b -catenin is normally targeted for 
degradation  
  When degradation of   ° b -catenin is inhib-
ited by Wnt signaling,  b -catenin trans-
locates to the nucleus and leads to 
transcription of target genes     

  Mutations in   – CTNNB1  frequently affect 
key phosphorylation sites, preventing 
 b -catenin degradation  
    – CTNNB1  mutations lead of overexpression 
of cyclin D1 protein, a key cell cycle regu-
lator and downstream target of  b -catenin, 
in the majority of solid pseudopapillary 
neoplasms  
    – CTNNB1  mutations also are associated 
with loss of E-cadherin in the cell mem-
brane, sometimes with mislocalization to 
the cytoplasm or nucleus, explaining the 
tumor’s discohesive morphology

   As a result, solid-pseudopapillary neo- °
plasms do not label with antibodies to 
the extracellular domain of E-cadherin, 
while immunolabeling with antibodies 
to the cytoplasmic domain of the protein 
produce an abnormal nuclear pattern of 
labeling  
  No mutations in E-cadherin have been  °
reported     

  Activation of   – b -catenin signaling (with the 
overexpression of expression of AXIN2, 
TBX3, SP5, and NOTUM) and Notch sig-
naling (with the overexpression of HEY1, 
HEY2, and NOTCH2) pathways has been 
documented by gene expression pro fi ling  
  Discovery of the genetic underpinning of  –
this tumor ( CTNNB1  mutation) has lead to 
a crucial diagnostic test ( b -catenin immu-
nolabeling) to distinguish solid pseudopap-
illary neoplasm from other solid cellular 
neoplasms of the pancreas (Fig.  2.1a )     

  Sequencing of all protein-coding genes in • 
eight SPNs revealed very few alterations, with 
only  CTNNB1  altered in more than one SPN

   These studies identi fi ed an average of three  –
nonsynonymous somatic alterations per 
SPN, the lowest number of any neoplasm 

sequenced to date. Several of the SPNs 
studied contained only one or two somatic 
mutations     

  Lack alterations in genes frequently mutated • 
in pancreatic ductal adenocarcinoma ( KRAS , 
 TP53 ,  SMAD4/DPC4 )

   Conversely, pancreatic ductal adenocarci- –
nomas and PanNETs lack mutations in 
 CTNNB1  and nuclear localization of the 
 b -catenin protein     

  Role of large-scale chromosomal gains, losses, • 
and rearrangements remains controversial, 
with con fl icting reports in the literature

   Multiple case reports of translocations and  –
complex chromosomal abnormalities in 
single patients, but none have been found 
to be recurrent in multiple tumors  
  While some studies show recurrent chro- –
mosomal gains and losses in small case 
series, other studies fail to identify any 
chromosomal gains or losses at all          

   Neoplasms with Acinar Differentiation 

   Acinar Cell Carcinoma 

   Clinical Features 
    Rare pancreatic neoplasm, accounting for • 
<2% of all pancreatic malignancies  
  Most occur in adults (mean age, 58 years), • 
though a small proportion (5–10%) occur in 
children  
  Male predominance (male to female ratio of • 
3.6:1)  
  No known genetic predilection or association • 
with genetic syndromes

   Acinar cell carcinomas in patients with  –
germline  BRCA2  gene mutations have 
been reported to exhibit loss of heterozy-
gosity of the  BRCA2  allele, suggesting 
biallelic inactivation of the gene in these 
tumors     

  Most frequently present with nonspeci fi c • 
abdominal symptoms (pain, vomiting, weight 
loss)—jaundice is rare due to growth pattern 
of tumor
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   Approximately 15% develop lipase hyper- –
secretion syndrome, characterized by sub-
cutaneous fat necrosis, eosinophilia, and 
polyarthralgia—more common in meta-
static disease     

  Prognosis is relatively poor, with a 5-year sur-• 
vival of only 25%

   Outcome for acinar cell carcinoma is better  –
than for stage-matched pancreatic ductal 
adenocarcinoma  
  Stage is the best predictor of outcome in  –
acinar cell carcinoma        

   Gross and Microscopic Features 
    Occur slightly more often in the head of the • 
pancreas, but can occur anywhere in the 
gland  
  Usually forms solitary mass, but can be • 
multilobulated

   In contrast to the invasive growth of ductal  –
adenocarcinoma, acinar cell carcinomas 
are frequently grossly well-circumscribed 
and may be encapsulated     

  Usually large (average 10 cm in greatest • 
dimension)  
  Most often a solid mass with a soft, red-tan, • 
and  fl eshy cut surface, but can have frank 
necrosis and cystic degeneration  
  May invade into adjacent organs as well as • 
into the pancreatic ductal system  
  Rarely, a multicystic form can occur (acinar • 
cell cystadenocarcinoma)  
  Microscopically composed of neoplastic • 
cells with architectural, histologic, or immu-
nohistochemical evidence of acinar 
differentiation

   Multiple possible architectural patterns,  –
most commonly acinar (with pyramidal-
shaped cells forming small lumina) or solid 
(with sheets of cells not forming well-
de fi ned structures), though glandular and 
trabecular patterns can occur  
  Microscopically invasive growth is common  –
(vascular invasion, perineural invasion)  
  Cytoplasm typically contains amphophilic  –
or eosinophilic zymogen granules, though 
in some cases these granules are not well 

developed and can be dif fi cult to appreciate 
on routinely stained sections  
  Nuclei are round to oval, characteristically  –
with a single prominent nucleolus     

  Immunohistochemistry• 
   Diffusely positive in neoplastic cells: trypsin  –
(most sensitive), chymotrypsin, lipase, 
elastase, cytokeratin (CK8 and CK18)  
  Variably positive in neoplastic cells: chro- –
mogranin, synaptophysin,  b -catenin 
(nuclear and cytoplasmic in a minority of 
neoplasms)

   If chromogranin or synaptophysin is  °
positive in >25% of neoplastic cells, the 
neoplasm should be classi fi ed as a mixed 
acinar neuroendocrine carcinoma           

   Molecular Features 
    See Table  • 2.2   
  Somatic alterations in the APC/ • b -catenin path-
way occur in 20–25% of acinar cell carcino-
mas, including activating mutations in  CTNNB1  
as well as truncating mutations in  APC   
  Lack frequent alterations in genes commonly • 
mutated in pancreatic ductal adenocarcinoma 
( KRAS ,     TP53 ,  SMAD4/DPC4 )

   Only rare mutations in   – KRAS  and  TP53  as 
well as rare loss of Dpc4 expression have 
been reported. Most studies report no alter-
ations in these genes     

  Subset of carcinomas exhibit microsatellite • 
instability  
  Promoter methylation of several tumor sup-• 
pressor genes has been reported in few tumors, 
though the functional consequences of this 
methylation remain to be explored  
  Large-scale chromosomal losses and gains • 
have been reported, including several chromo-
somal regions that are altered in multiple 
carcinomas

   Speci fi c target genes of these alterations have  –
not been identi fi ed, and the regions altered 
are different from those frequently altered in 
pancreatic ductal adenocarcinoma  
  In addition, most acinar cell carcinomas  –
harbor numerous chromosomal gains and 
losses         
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   Pancreatoblastoma 

   Clinical Features 
    Rare pancreatic neoplasm, accounting for very • 
small proportion of adult pancreatic malig-
nancies but approximately 25% of pancreatic 
neoplasms in the  fi rst decade of life  
  Majority occur in children <10 years of age, but • 
can occur in adults (median age in children, 2.4 
years; median age in adults, 40 years)  
  Slight male predominance (male to female • 
ratio 1.3–2:1)  
  Several cases of pancreatoblastoma reported • 
in patients with Beckwith–Wiedemann syn-
drome, a disorder associated with imprinting 
dysregulation on chromosomal 11p, leading to 
overgrowth of various organs and predisposi-
tion to embryonal tumors (Table  2.1 )

   One case reported in a patient with FAP      –
  Often diagnosed due to palpable abdominal • 
mass in young patients, but can also cause 
vague abdominal symptoms (pain, vomiting, 
weight loss)

   Jaundice is uncommon      –
  Up to one-third of patients with pancreato-• 
blastoma have elevated serum levels of  a -feto-
protein (AFP), due to production of AFP by 
the tumor  
  Prognosis is poor, with an overall survival of • 
approximately 50%

   Cure by surgery can occur in young patients  –
without metastases, but many patients with 
an initially complete resection will develop 
local recurrence (20%) or metachronous 
metastasis (25%)  
  Stage is the best predictor of outcome in  –
patients with pancreatoblastoma        

   Gross and Microscopic Features 
    Not associated with speci fi c location in the • 
pancreas (evenly distributed throughout head, 
body, and tail)  
  Similar to acinar cell carcinoma, usually • 
forms a solitary mass but can be lobulated, 
usually grossly well-demarcated, and often 
encapsulated  
  Wide size range (1.5–20 cm), but on average are • 
large (average 10.6 cm in greatest dimension)  

  On cut section, usually similar to acinar cell • 
carcinomas—solid, soft, and  fl eshy, with color 
varying from gray to tan-yellow

   Cystic degeneration is common in patients  –
with Beckwith–Wiedemann syndrome     

  Microscopically, composed of multiple differ-• 
ent components including, at a minimum, 
cells with acinar differentiation and squamoid 
nests

   Acinar component is usually predominant,  –
consisting of relatively uniform cells with 
round nuclei, prominent nucleoli, and gran-
ular cytoplasm, often polarized around 
small lumina  
  Squamoid nests are a characteristic feature  –
and required to establish the diagnosis

   They consist of whorled groups of  °
plump squamoid cells with eosinophilic 
cytoplasm. Focal keratinization can be 
present  
  The nuclei in these nests are often clear      °

  Subset of pancreatoblastomas exhibits a  –
focal neuroendocrine component, consist-
ing of uniform round cells with characteris-
tic  fi nely stippled chromatin

   Neuroendocrine cells are usually dif- °
fusely scattered among cells with acinar 
differentiation, but may focally form 
solid nests or trabeculae     

  Minority of pancreatoblastomas also have  –
a ductal component, consisting of colum-
nar cells (often mucin producing) that sur-
round larger lumina  
  Nests of neoplastic cells of all types are  –
separated by variably cellular stroma which 
can exhibit cartilaginous or even osseous 
differentiation  
  A primitive component of immature  –
monotonous small round blue cells may 
also be present     

  Immunohistochemistry• 
   Acinar component—positive for cytokera- –
tins (CK8 and CK18), trypsin, chy-
motrypsin, and lipase  
  Neuroendocrine component—positive for  –
chromogranin, synaptophysin, NSE; usu-
ally negative for pancreatic hormones 
(insulin, glucagon, somatostatin)  
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  Ductal component—positive for cytokera- –
tins (CK7 and CK19), CEA  
  Squamoid nests—largely negative for most  –
immunohistochemical markers, but the 
optically clear nuclei contain biotin and 
may nonspeci fi cally label with a variety of 
antibodies

   This nonspeci fi c labeling sometimes  °
highlights the squamoid nests and makes 
them easier to identify           

   Molecular Features 
    See Table  • 2.2   
  Frequent allelic loss of chromosome 11p (86% • 
of cases in one study)

   Loss of heterozygosity of 11p has also been  –
reported in other embryonal neoplasms, 
such as hepatoblastoma and Wilms’ tumor, 
suggesting the possibility of a common 
genetic pathway in embryonal tumors     

  Majority of cases have somatic alterations in • 
the APC/ b -catenin pathway, including acti-
vating mutations in  CTNNB1  as well as inac-
tivating mutations in  APC , leading to 
abnormal nuclear accumulation of  b -catenin 
protein

     – b -catenin localization can be patchy in 
individual tumors, with nuclear  b -catenin 
most frequently found in squamoid nests—
cyclin D1 overexpression is also most fre-
quently present in squamoid nests     

  Lack the alterations in genes commonly • 
mutated in pancreatic ductal adenocarcinoma 
( KRAS ,  TP53 ,  SMAD4/DPC4 )

   Rare loss of Dpc4 expression has been  –
reported, but no  KRAS  gene mutations or 
altered p53 expression have been 
identi fi ed     

  Several reports describe cases with complex • 
karyotypes with multiple regions of chromo-
somal loss and gain

   Trisomy 8 has been reported in a single  –
case  
  No target genes for large-scale chromo- –
somal alterations have been identi fi ed          

   Summary of Molecular Pathology 
of Pancreatic Cancer 

    Neoplasms of the pancreas can be classi fi ed • 
morphologically and immunohistochemically. 
These classi fi cations frequently parallel dis-
tinct molecular alterations  
  Ductal adenocarcinoma is the most common • 
pancreatic neoplasm

   Sequential accumulation of somatic altera- –
tions in key oncogenes and tumor suppres-
sor genes transform normal cells through 
noninvasive dysplastic precursors into 
invasive ductal adenocarcinoma     

  Neoplasms with other directions of differentia-• 
tion (PanNETs, SPNs, acinar cell carcinomas) 
exhibit distinct sets of molecular alterations 
not shared with ductal adenocarcinoma  
  Knowledge of molecular alterations has led to • 
key diagnostic tests currently in use in pancre-
atic cancer, such as immunohistochemical 
labeling for Dpc4 in ductal adenocarcinoma 
and  b -catenin in SPNs (Fig.  2.1 )  
  Molecular analyses of clinical samples, such • 
as DNA sequencing of pancreatic cyst  fl uid to 
distinguish precancerous from benign cysts, 
show promise in augmenting current diagnos-
tic practice to provide the best possible clini-
cal care         
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   Hepatocellular Adenoma 

   De fi nition 

    Hepatocellular adenoma (HCA) is a benign liver • 
neoplasm of hepatocellular differentiation.     

   Epidemiology 

    The incidence is 1–4/100,000 people in Europe • 
and North America, but lower in Asia.  
  Most cases (85%) occur in young women.     • 
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   Etiology 

    Exposure to estrogenic (e.g., contraception • 
>2 years) or androgenic (e.g., bodybuilding) 
steroids including Klinefelter syndrome or 
steroid hormone-producing lesions.  
  Androgen therapy of Fanconi anemia or • 
acquired aplastic anemia.  
  Metabolic disease (e.g., maturity-onset diabe-• 
tes of the young (MODY) type III, hereditary 
HNF1 a  mutation, glycogenosis type 1 (von 
Gierke disease), or type 3 Forbes disease).  
  Familial adenomatosis polyposis coli (ade-• 
nomatosis polyposis coli (APC) mutation).  
   • b -thalassemia with iron overload.     

   Clinical 

    Symptoms develop in 90% of patients and include • 
mild chronic or acute abdominal pain due to intra-
tumoral or intraperitoneal hemorrhage.  
  Adenoma may present with elevated levels of • 
liver enzymes, or as incidental  fi nding of a 
liver mass by imaging techniques.  
  Intraperitoneal hemorrhage may occur in up to • 
20–25%; the risk is increased in HCA >5 cm.  
  Malignant transformation is rare, but has been • 
repeatedly observed in tumors >6 cm.  
  Risk for transformation varies between HCA • 
subtypes (see below) and etiology (higher in 
glycogenoses and drug anabolic abuse). In 
case of drug-induced HCA, discontinuation 
of the drug may result in spontaneous 
regression.     

   Histopathology 

    HCA shows a solid, clonal growth pattern • 
consisting of liver cell plates, which are up to 
two cells wide and are arranged in sheets and 
cords with compression of the sinusoids. HCA 
typically lacks a capsule (↔progressed hepa-
tocellular carcinoma (HCC)).  
  The neoplastic hepatocytes of HCA are usu-• 
ally uniform with regular nuclear:cytoplasmic 
ratio (↔HCC).  

  Cell size is typically mildly increased compared • 
to the normal hepatocytes of the surrounding 
liver.  
  Cytoplasm may be normal or paler compared • 
to normal hepatocytes due to glycogen or fat 
storage.  
  HCA may show some nuclear atypia as well • 
as pseudogland formation with bile plugs 
within canaliculi (especially in setting of ana-
bolic steroids or glycogenoses), which requires 
careful differentiation from HCC (see below).  
  Hepatocytes of HCA are usually surrounded • 
by a regular reticulin framework.  
  HCA (except in fl ammatory HCA, see below) • 
lack ductular proliferations and portal tracts, 
but preexisting portal tracts may be entrapped 
in the periphery of the lesion.  
  HCA is supplied by (a few) solitary arteries • 
(e.g., unaccompanied by bile ducts).  
  Areas of infarction, hemorrhage, or regression • 
indicate an increased risk of spontaneous 
rupture.     

   Differential Diagnosis 

    Capillarization of sinusoids (CD34 staining), • 
atypia, pseudogland formation, and mitosis 
should raise the differential diagnosis of highly 
differentiated HCC (immunohistochemistry 
(IHC): glypican 3 (GPC3), heat shock protein 
70 (HSP70), glutamine synthetase (GS) 
positive).  
  Presence of ductules and  fi brosis require sepa-• 
ration of in fl ammatory HCA from focal nodu-
lar hyperplasia (IHC: map-like GS expression) 
and macroregenerative nodule (comparison to 
surrounding liver tissue).  
  Epithelioid angiomyolipoma may super fi cially • 
resemble HCA, but is HMB45 and Melan A 
positive.     

   Molecular Pathology 

    HCAs are heterogeneous, clonal lesions that • 
in up to 20% of cases show a few chromo-
somal alterations.  
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  Genomic aberrations include gains at 1p, 1q, • 
7p, 11q, 17q, and 20, but the detection of more 
than two alterations in one tumor favors a dif-
ferent diagnosis (e.g., early HCC).  
  The identi fi cation of the transcription factor 1 • 
(TCF1) encoded hepatocyte nuclear factor 1 a  
(HNF1 a ) as a frequently inactivated gene in 
HCA was the  fi rst step to our current under-
standing of the pathogenesis of HCA, later on 
complemented by the identi fi cation of 
 b -catenin mutations in some HCA and molec-
ular de fi nition of in fl ammatory HCA.  
  Typical histological changes and detection of • 
mutations or their consequences are the basis for 
our current HCA subtyping. The subtypes 
described below differ with respect to clinical, 
genomic, pathological, and radiological features.  
  Although epigenetic changes (e.g., aberrant • 
p14(ARF)/p16(INK4a) methylation) have 

been reported in about 20% of HCA, these 
features are not included into the current HCA 
classi fi cation that has been independently val-
idated. The genetic predisposition, risk fac-
tors, diagnostic marker, and clinicopathological 
characteristics of HCA subtypes are summa-
rized in Fig.  3.1 .     

   HNF1 a -Inactivated Hepatocellular 
Adenoma 

    HNF1 • a  is a transcription factor involved in 
hepatocellular differentiation.  
  Mutational inactivation of HNF1 • a  is found in 
35% of HCA.  
  90% of HNF1 • a  mutations are somatic, the 
remaining ones are inherited.  
  Heterozygous HNF1 • a  germline mutations are 
responsible for maturity-onset diabetes of the 

  Fig. 3.1    Classi fi cation of HCA by genotype and pheno-
type (material adapted from  Rebouissou et al.,  2008  ) .  GS  
glutamine synthetase;  SAA/CRP  serum amyloid A/c-

reacting protein;  L-FABP1  liver-fatty acid binding pro-
tein1;  HNF1A  hepatocyte nuclear factor 1-alpha;  CYP1B1  
cytochrome P450 family 1, subfamily B, polypeptide 1.       

 



46 T. Longerich et al.

young type 3 (MODY3); an autosomal domi-
nant type of diabetes.  
  HCA in MODY3 patients carry a second • 
somatic HNF1 a -inactivating mutation.  
  Germline mutations of CYP1B1 may predis-• 
pose to the development of somatic HNF1 a  
mutation.  
  Histologically, HNF1 • a -inactivated HCA show 
severe steatosis, but lack signi fi cant 
in fl ammatory in fi ltrates and atypia.  
  Liver-fatty acid binding protein (L-FABP) • 
represents an HNF1 a  target gene. Thus lack 
of immunohistological L-FABP expression 
represents as a diagnostic biomarker for 
HNF1 a -inactivated HCAs with the sur-
rounding liver tissue serving as an internal 
positive control (Fig.  3.2a, b ). The down-

regulation of L-FABP may contribute to the 
steatotic phenotype through impaired fatty 
acid traf fi cking.   
  HNF1 • a -inactivated HCA occur almost 
exclusively in women and carry no malig-
nant transformation risk even in the case of 
adenomatosis.     

   In fl ammatory Hepatocellular Adenoma 
    In fl ammatory HCA has formerly been termed • 
telangiectatic adenoma or telangiectatic focal 
nodular hyperplasia; the latter term is now 
obsolete since the clonal nature of these 
lesions has been proven. It constitutes the 
largest subgroup of HCA (55%).  
  Histologically in fl ammatory HCA is charac-• 
terized by focal or diffuse in fl ammation and 

  Fig. 3.2    (A + B) HNF1 a -inactivated HCA (original 
magni fi cation 40-fold). ( a ) Note the prominent fatty 
change and expansive growth. ( b ) The tumor cells show 
loss of FAPB1 expression. (C + D) In fl ammatory HCA. 

( c ) Focal sinusoidal dilatation and presence of ductular 
structures within the tumor (original magni fi cation 100-
fold). ( d ) Strong SAA expression of tumor cells in 
in fl ammatory HCA (original magni fi cation 40-fold)       
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prominent vascular changes (sinusoidal dila-
tation, congestion, and thick-walled arteries). 
A ductular reaction along thin  fi brotic septa 
can be found in in fl ammatory HCA.  
  Increased expression of in fl ammatory-• 
associated proteins (e.g., serum amyloid A 
(SAA) and C-reacting protein (CRP)) can be 
used as immunohistological biomarkers for the 
differentiation of this subtype (Fig.  3.2c, d ).  
  Signs of systemic in fl ammation (e.g., elevated • 
CRP level in serum, increased erythrocyte 
sedimentation rate) can be found in associa-
tion with in fl ammatory HCA.  
  About 60% of in fl ammatory HCA contain • 
mutations in gp130, a coreceptor of IL-6 sig-
naling leading to constitutive activation of 
IL-6/Stat3 signaling.  
   • b -catenin and gp130 mutations may occur 
together indicating that these HCA also carry 
an increased risk for malignant transformation.  

  In fl ammatory HCA occurs more likely in • 
women and is associated with obesity and 
fatty liver disease.     

    b -Catenin-Activated Hepatocellular 
Adenoma (Atypical Adenoma) 

    Activating mutations of  • b -catenin are present 
in about 10% of HCA.  
  Glutamine synthetase (GS) is a  • b -catenin tar-
get gene.  
  Diffuse and strong immunohistological GS • 
overexpression is a marker of  b -catenin-
activated HCA, whereas nuclear  b -catenin 
staining is less sensitive and may be seen 
only in the minority of tumor cell nuclei 
(Fig.  3.3 ).   
  In equivocal cases  • b -catenin inactivation can 
be demonstrated through molecular pathologi-
cal techniques (e.g., demonstration of 

  Fig. 3.3    Atypical adenoma detected in a 25-year-old female 
patient without know liver disease. ( a ) The highly differenti-
ated hepatocellular tumor shows areas of pseudoglandular 
differentiation (H&E, original magni fi cation 200-fold). 

( b ) The reticulin network is lost (modi fi ed Gomori stain, 
original magni fi cation 400-fold). ( c ) Overexpression of glu-
tamine synthetase and (d) HSP70 (original magni fi cation 
200-fold)       
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 b -catenin mutations using DNA from formalin-
 fi xed, paraf fi n-embedded tissues).  
   • b -catenin-activated HCA are preferentially 
associated with male sex, administration of 
androgenic anabolic steroids, or glycogenoses, 
and carry an increased risk for malignant 
transformation (~50%).  
  Distinguishing  • b -catenin-activated HCA from 
well-differentiated HCC may be dif fi cult and 
in some cases arbitrary, since both lesions 
show pseudogland formation and atypia, 
whereas this subtype is not featured by steato-
sis and signi fi cant in fl ammation.  
   • b -catenin-activated HCC is a clear indication 
for resection.     

   Unclassi fi ed Hepatocellular Adenoma 
    About 10% of HCA have neither HNF1 • a -
inactivation,  b -catenin-activation, nor gp130 
activation and remain molecularly unclassi fi ed 
so far.  
  These HCA do not carry an increased risk for • 
malignant transformation.      

   Diagnosis 

    Radiological diagnosis is dif fi cult due to the • 
variable features (especially vascularization) 
of HCA, but may be possible for HNF1 a -
inactivated and in fl ammatory HCA using 
magnetic resonance imaging.  
  In equivocal cases liver biopsy will con fi rm • 
diagnosis and allow reliable subtyping.     

   Prognosis and Predictive Factors 

    The risk for rupture and intraperitoneal hem-• 
orrhage increases when the tumor diameter 
exceeds 5 cm and may result in hemorrhagic 
shock and death.  
  Pregnancy is considered a risk factor for • 
rupture.  
  HCA >6 cm are at risk for malignant transfor-• 
mation, especially when detected in men with 
metabolic syndrome.  

  HCA >5 cm in diameter should be treated by • 
surgery or local intervention (e.g., emboliza-
tion, radiofrequency ablation) independent of 
the subtype due to increased risk of rupture.  
  Detection of  • b -catenin-activated HCA is 
important due to the increased risk of malig-
nant transformation.  
  In the case of adenomatosis liver transplanta-• 
tion can be a therapeutic option.      

   Hepatocellular Carcinoma 

   De fi nition 

    Malignant primary liver tumor with hepato-• 
cellular differentiation.     

   Epidemiology 

    HCC is the sixth most frequent cancer world-• 
wide and the third most frequent cause of 
cancer-related death.  
  HCC accounts for more than 90% of primary • 
liver cancer with approximately 700,000 new 
case per year worldwide.  
  Depending on the region, incidence ranges • 
from <5/100,000 (e.g., in Northern Europe) to 
more than 15/100,000 (e.g., in the Far East). 
In all areas males have a signi fi cant higher 
prevalence than females ranging from 2:1 to 
4:1.     

   Etiology 

    In more that 80% of all cases a de fi ned etiol-• 
ogy causes chronic liver disease, which repre-
sents the basis for the development of cirrhosis 
and HCC. Most prevalent are infections with 
hepatitis B virus (HBV) and hepatitis C virus 
(HCV).  
  In addition, chronic alcohol abuse, ingestion of • 
mycotoxins (e.g., a fl atoxin B1), as well as 
hereditary metabolic diseases (e.g., haemochro-
matosis, glycogen storage disease, tyrosinemia) 
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carry a high risk for the development of HCC 
while Wilsons disease,  a 1-AT de fi ciency, and 
exposure to chemicals (e.g., vinyl chloride) are 
low risk factors.     

   Clinical 

    Symptoms either by tumor itself or by • 
advanced stage of underlying chronic liver 
disease: abdominal pain, weight loss, nausea, 
ascites, jaundice, or (hepato-)splenomegaly.  
  Raised  • a -fetoprotein (AFP) levels >400 ng/
mL or continuous rising AFP >100 ng/mL are 
indicative of HCC, but AFP elevation is only 
found in less than 50% of patients and espe-
cially early HCCs (see below) are frequently 
AFP-negative.  
  Other serological markers, including lectin-• 
bound AFP, des-gamma carboxythrombin, 
golgi protein 73, are not universally accepted.     

   Histopathology 

   Classical Hepatocellular Carcinoma 
    HCC consists of cells that cytologically more • 
or less resemble hepatocytes and that are sepa-
rated by a sparse stroma consisting mainly of 
sinusoid-like blood spaces. These are lined by 
a endothelial cell layer that, in contrast to the 
specialized normal liver sinusoids, shows a 
capillarization as determined by immunohis-
tological expression of CD34, factor VIII-
related antigen or Annexin A2.  
  Progressed HCC is supplied by newly formed • 
unpaired arteries (e.g., not accompanied by 
bile ducts) and lacks portal triads, but residual 
portal tracts may be found entrapped at the 
periphery of a nodule, whereas the blood sup-
ply of early HCCs mainly derives from the 
portal–venous  fl ow.  
  Immunohistologically HCC typically (90% of • 
cases) express carbamoyl phosphatase syn-
thetase 1 (as detected by the Hepar1 antibody), 
but especially poorly differentiated HCCs may 
be negative.  

  A canalicular expression pattern is found for • 
antibodies against polyclonal CEA (pCEA) 
and CD10. Other markers that support HCC 
diagnosis include AFP,  fi brinogen, cytokeratin 
(CK) 8 and CK18, whereas CK7 and CK19 
are only positive in a fraction of HCCs that 
potentially evolve from hepatic progenitor 
cells (see below).  
  HCCs are distinguished from benign hepato-• 
cellular lesions through both architectural and 
cytological atypia, although the differences 
may be subtle in early HCC.  
  Architectural atypia includes irregular • 
 trabecular growth pattern (more than two-
cells-wide cords separated by capillarized 
sinusoids), pseudoglandular/acinar growth 
(pseudogland formed due to abnormal and 
dilated bile canaliculi between tumor cells), 
and solid growth. These pattern are fre-
quently admixed, especially in less differen-
tiated tumors.  
  Cytologically HCC may be hepatoid, pleo-• 
morphic, or sarcomatoid (spindle cells), and 
may show a clear cytoplasm that requires dif-
ferentiation from other clear cell tumors (e.g., 
kidney).  
  Fatty change is frequently seen, especially in • 
small tumors. Bile plugs may be seen in dilated 
canaliculi or in areas with pseudoglandular 
differentiation. Cytoplasmic inclusions are 
frequently seen and include Mallory–Denk 
bodies (aggregates of intermediate  fi laments), 
globoid bodies ( a 1-antitrypsin), and pale bod-
ies ( fi brinogen).  
  Nodule-in-nodule growth (nodule of less • 
 differentiated HCC surrounded by a better 
differentiated component) is indicative of 
HCC.  
  Histological grading is based on tumor differ-• 
entiation: well-differentiated (<3 cm, mild 
nuclear atypia, thin trabeculae), moderately 
differentiated (more than three-cells-wide tra-
beculae, round nuclei with distinct nucleoli), 
poorly differentiated (solid growth, nuclear 
pleomorphism), and undifferentiated (spindle 
or round shaped tumor cells with sparse 
cytoplasm).     
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   Special Hepatocellular Carcinoma 
Subtypes 

    Fibrolamellar HCC.• 
   Fibrolamellar carcinoma (FLC) differs  –
from classical HCC by its clinical, histo-
logical, and molecular characteristics.  
  FLC accounts for 1% of all HCC.   –
  It occurs mostly in patients younger than  –
35 years (85% of cases) and women tend to 
be more frequently affected than men.  
  FLC arises usually in noncirrhotic livers, but  –
etiology and risk factors are not known.  
  Since there is no relation to chronic viral hepa- –
titis, FLC are relatively more frequent in Europe 
and Asia compared to Asia and Africa.  
  Tumor cells of FLC are large cells with  –
oncocytic cytoplasm (due to innumerable 
mitochondria), large vesicular nuclei, and 
large nucleoli. They are arranged in cords 
separated by (parallel) bands of lamellar 
 fi brotic tissue. As in classical HCC 
pseudogland formation, pale and Mallory–
Denk bodies can be found.  
  CK7 immunostaining is typically seen in  –
FLC (↔ most classical HCCs).  
  There is no signi fi cant difference with respect  –
to prognosis between FLC and classical 
HCC without concomitant cirrhosis, but its 
prognosis is signi fi cantly better than for HCC 
that developed in a cirrhotic liver.  
  Additional special HCC subtypes include  –
scirrhous HCC (tumor trabeculae separated 
by marked  fi brosis along the sinusoid-like 
blood spaces), undifferentiated HCC (primary 
liver tumor with epithelial differentiation lack-
ing further lineage differentiation), lymphoep-
ithelioma-like carcinoma (pleomorphic tumor 
cells intermixed with dense lymphocytic 
in fi ltrates, potentially associated with EBV 
infection), and sarcomatoid HCC (partially or 
fully comprised of malignant spindle cells).         

   Differential Diagnosis 

    Well-differentiated HCC have to be differen-• 
tiated from preneoplastic precursor lesions 
(so-called dysplastic nodules), HCA, and 
focal nodular hyperplasia.  

  Dysplastic nodules (DN) are usually detected • 
in cirrhotic livers.  
  DNs show a clonal growth and mild cytological • 
and structural atypia, but lack de fi nite signs of 
malignancy, like severe trabecular or cellular 
atypia and interstitial or vascular invasion.  
  They are subdivided into low grade dysplastic • 
nodules (LGDN) and high grade dysplastic nod-
ules (HGDN) depending on the degree of atypia.  
  Compared to LGDN cell density and atypia is • 
increased in HGDN (due to small cell change 
and increased nuclear to cytoplasmic ratio 
resulting in a nuclear crowding).  
  Blood supply in LGDN is usually via the por-• 
tal vessels, but there is a steady increase of 
newly formed unpaired arteriolar vessels from 
LGDN over HGDN to early HCC (Table  3.1 ).   
  Early HCCs show more than twice increased • 
cellular density compared to the surrounding 
liver tissue, trabecular disarray, pseudogland 
formation, unpaired arteries, and typically 
interstitial invasion. Portal tracts may be 
entrapped at the tumor periphery.  
  The process of hepatocarcinogenesis repre-• 
sents a (morphological) continuum and the 
diagnostic features of a given lesion may not 
be present in the setting of a liver biopsy.  
  Biopsy diagnosis of unde fi ned nodules or • 
minute biopsy specimen may need for addi-
tional immunohistological evaluation of trans-
formation associated markers. Such a marker 
panels has been established and includes glyp-
ican 3 (GPC3), glutamine synthetase (GS), 
and heat shock protein 70 (HSP70).  
  The oncofetal protein GPC3 is frequently reac-• 
tivated in early HCCs. Immunohistological 
expression of GPC ( ³ 10% of tumor cells) has a 
reported sensitivity of up to 77% and a speci fi city 
of up to 96% for the diagnosis of small HCCs.  
  GS is expressed by hepatocytes of the pericen-• 
tral acinus and in a periseptal localization in 
 fi brosis/cirrhosis. A strong and diffuse stain-
ing ( ³ 10% of tumor cells) without a zonal 
restriction is considered positive for the diag-
nosis of early HCC. Positive expression of 
HSP70 ( ³ 10% of tumor cells) was reported in 
80% of HCCs, but only occasionally in DN.  
  Applying GPC3, GS, and HSP70 as a three-• 
marker panel signi fi cantly increased accuracy 
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of HCC diagnosis (if at least two of the three 
markers were positive), particularly when 
diagnostic interstitial invasion was not seen in 
a biopsy specimen (Fig.  3.4 ).   
  Further helpful markers include  • b -catenin, 
vascular markers (e.g., CD34, CD31, Annexin 
A2) to detect abnormal capillarization of the 
liver sinusoids, and CK7 to separate a ductular 
reaction from an early stroma invasion.     

   Molecular Pathology 

   Genomic Instability 
    In general, HCC is a chromosomal instable can-• 
cer accumulating high numbers of macro- and 
microimbalances, in part responsible for the acti-
vation of oncogenes or inactivation of tumor sup-
pressor genes. The most prominent ampli fi cations 
of genomic material are present in 1q (57%), 8q 

(47%), 6p (22%), and 17q (22%), while losses 
are most prevalent in 8p (38%), 16q (36%), 4q 
(34%), 17p (32%), and 13q (26%).  
  Distinct chromosomal imbalances (gains of • 
1q21–23 and 8q22–24) precede malignant 
transformation as they are detectable in a 
signi fi cant number of premalignant lesions.  
  Speci fi c chromosomal macroimbalances (e.g., • 
gains of 1q32.1 and losses of 4q21.2–32.33) 
discriminate between HBV- and HCV-
associated HCCs; however, the molecular rea-
son for this observation is unknown, so far.     

   Epigenetic Changes 
    In HCC global DNA hypomethylation has • 
been associated with activation of oncogenes, 
loss of imprinting, and genomic instability, 
while hypermethylation of CpG islands 
located especially in gene regulatory sequences 
resulted in transcriptional silencing.  

   Table 3.1    Classi fi cation of small nodular lesions in cirrhotic liver according to International Consensus Group for 
Hepatocellular Neoplasia  (  2009  )    
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  Polycomb repressive complexes (PRC) target • 
genes are prone to promoter hypermethylation 
in human HCC, which might be linked to a 
stem cell like chromatin pattern through 
de novo methylation in cancer.  
  Genomic hypomethylation correlated with • 
genomic instability in HCC while CpG pro-
moter methylation was associated with poor 
prognosis.  
  Methylation changes may occur early in the • 
process of cancer development and CpG island 
hypermethylation of regulatory regions of 
tumor-relevant genes is a frequent event accu-
mulating in multistep hepatocarcinogenesis.  
  Hypermethylation of CpG islands is associ-• 
ated with the dysregulation of signaling path-
way constituents (e.g., RASSF1A), adhesion 

molecules (e.g., E-cadherin), and cell cycle 
regulators (e.g., p16/CDKN2/INK4A).     

   Noncoding RNA/MicroRNA 
    miRNA bind complementary sequences in the • 
3 ¢  end of mRNAs and directly affect promoter 
activity through binding and or modifying 
DNA methylation. Therefore miRNAs repre-
sent effective posttranscriptional regulators of 
mammalian gene bioactivity.  
  Different stages of hepatocarcinogenesis as • 
well as liver tissues with HBV- or HCV-
infection can be differentiated from each other 
based on their miRNA  fi ngerprints.  
  miRNAs such as miR-122a and miR-223 have • 
recurrently been identi fi ed by independent 
screening approaches.  

  Fig. 3.4    ( a ) Early well-differentiated HCC showing 
areas of nuclear crowding and mild trabecular disar-
ray. Additionally, a solitary artery can be seen. 
( b ) GPC3 is expressed by the majority of tumor cells. 

( c ) Predominantly nuclear HSP70 expression in areas 
with nuclear crowding. (d) Homogeneous overexpres-
sion of glutamine synthetase (original magni fi cation 
100-fold)       
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  miR-125b, miR-139, miR-181, and miR-221 • 
are regulators of tumor-relevant proteins and 
processes in hepatocarcinogenesis.     

   High and Low Frequent Mutations in 
Speci fi c Genes 

    High frequency mutations in the cell cycle • 
regulator and tumor suppressor gene TP53 can 
be found in 10–28% of all HCCs. In regions 
with high a fl atoxin B1 exposure, mutations in 
codon 249 of TP53 can be detected in up to 
48% of all HCC cases.  
  Stabilizing point mutations and deletions in • 
exon 3 of CTNNB1 (coding for the transcrip-
tional regulator  b -catenin) are present in 
13–42% of all HCCs. Inactivation mutations 
lead to an accumulation and nuclear transloca-
tion of  b -catenin, associated with the tran-
scriptional activation of speci fi c target genes 
relevant for mitosis and tumor development.  
  Loss of heterozygosity at the IGF2R locus • 
(coding for the growth factor receptor IGF2R) 
has been published for several HCCs and its 
premalignant lesions, whereas inactivating 
mutations of the second allele have been 
described in up to 25% of all cases. Additionally, 
missense mutations in the extracytoplasmic 
domain of IGF2R ef fi ciently disrupt receptor/
ligand interaction, which may then be followed 
by increased ligand bioavailability.  
  Low frequency mutations (<20% of cases) have • 
been described in AXIN1/2, TCF1/HNF a , 
PIK3CA, KRAS, p16/CDK2/INK4A, SMAD2/4, 
RB1, PTEN, ARID1A, ARID1B, and ARID2.     

   Frequent Aberrant Activation 
of Signaling Pathways 

    High level expression of the insulin-like • 
growth factor (IGF) 2 in up to 40% of all 
HCCs leads to an activation of the membrane-
bound tyrosine kinase receptor IGF1R. 
Overexpression of IGF2 is predominantly 
mediated by epigenetic dysregulation of IGF2 
gene promoters, IGF-binding proteins, and the 
presence of IGF2R which directs IGFs to pro-
teasomal degradation. Activation of the IGF-
signaling axis supports HCC proliferation, 
antiapoptosis, and migration.  

  Mutations in wingless/ • b -catenin signaling 
axis components AXIN1/2 and CTNNB1 
increase the nuclear enrichment of  b -catenin 
in up to 40% of all cases. In addition, upregu-
lation of different pathway ligands (e.g., 
Wnt3/4/5a), receptors (e.g., FZD3/6/7), and 
pathway modi fi ers (e.g., PIN1, HDPR1, 
DKK1) further supports nuclear accumulation 
of  b -catenin. Activation of the Wnt/ b -catenin 
pathway is associated with increased tumor 
growth and progression.  
  The role of TGF • b  signaling is controversially 
discussed, because elevated ligand levels have 
been detected in serum and urine of HCC 
patients, while most studies document a reduc-
tion of the respective receptors. Moreover, 
mutations in activating SMADs (SMAD2/4) 
and overexpression of the antagonistic SMAD7 
have been demonstrated. TGF b  signaling may 
support bifunctional effects; although TGF b  has 
been suggested to inhibit hepatocyte prolifera-
tion, a proinvasive role has been shown, if resis-
tance to its growth inhibitory effects occurs.  
  HGF may show higher levels in HCC patients; • 
however, it is not expressed by tumor cells 
themselves but by stellate cells and 
myo fi broblasts. Its receptor, the tyrosine kinase 
c-MET, is activated in most HCCs (70%) based 
on genomic alterations, hypoxia, and growth 
factor-dependent stimulation. Activation of the 
HGF/c-MET signaling pathway supports tumor 
growth and tumor cell invasiveness.  
  Several TGF • a /EGF ligand family members 
are highly expressed in up to 80% of HCCs 
(e.g., TGF a , heparin-binding EGF) and may 
stimulate the group of EGF tyrosine kinase 
receptors. Furthermore, overexpression of 
these receptors (EGFR/HER1, HER2, HER3, 
and HER4) has been demonstrated in most 
HCCs (e.g., EGFR/HER1 in up to 70%). 
Stimulation of the TGF a /EGF signaling axis 
supports HCC cell proliferation  
  Constitutive activation of growth factor path-• 
ways occurs at different levels: increased ligand 
and/or receptor bioavailability, mutational inac-
tivation or constitutive activation of pathway 
constituents, and aberrant activity/expression 
of cytoplasmic downstream effectors.      
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   Diagnosis 

    Besides serum AFP level noninvasive HCC • 
diagnosis is based on contrast-enhanced (CE) 
imaging studies.  
  The standard techniques are CE computer • 
tomography (CT), magnetic resonance tomog-
raphy (MRT), and sonography.  
  Typical  fi ndings in progressed HCCs are • 
hypervascularity during arterial imaging phase 
followed by a rapid washout during portal 
venous phase.  
  Early HCC cannot reliably diagnosed using • 
these imaging techniques, since solitary arteries 
responsible for the blood  fl ow characteristics of 
progressed HCC are rare in these lesions.  
  New techniques like dynamic CE sonography • 
with Kupffer phase imaging or MRT using 
hepatocyte-speci fi c contrast media like gado-
linium-ethoxybenzyl diethylenetriamine pen-
taacetic acid (Gd-EOB) may improve the 
noninvasive differentiation of early HCC from 
dysplastic nodules.  
  Liver biopsy is the diagnostic technique with • 
highest speci fi city and high sensitivity and is 
recommended in all suspicious lesions (espe-
cially less than 2 cm) without diagnostic 
features.  
  Needle-tract seeding is a speci fi c complica-• 
tion following biopsy of HCC and has been 
observed in 2.7% of cases.  
  Since the risk for needle-tract implantation • 
increases concurrent with the number of nee-
dle passes the use of guiding needles may 
signi fi cantly reduce this complication and 
needle track resection during surgery has been 
recommended.     

   Prognosis and Predictive Factors 

    The overall 5-year survival rate of HCC • 
patients with symptomatic HCC is less than 
5%.  
  Portal vein thrombosis is associated with • 
worse outcome.  
  The recurrence rate within 5 years after cura-• 
tive resection (e.g., partial hepatectomy) is 

70% and 5-year survival after resection is 
25–74%.  
  Liver transplantation results in a 5-year sur-• 
vival rate of 75% in selected patients (e.g. 
(extended) Milan criteria).  
  Local ablative treatment (e.g., transarterial • 
chemoembolization, radiofrequency ablation, 
ethanol injection) can be used for local tumor 
control and bridging for liver transplantation.  
  Molecular classi fi cation of HCC (predomi-• 
nantly based on genomic and transcriptomic 
analyses) revealed genetic signatures that cor-
relate with differentiation, tumor size, progno-
sis, vascular invasion, and metastatic potential.  
  Expression of e.g., FAS, AFP, Aurora kinase • 
B, and the mitotic index as well as TP53 muta-
tion and a progenitor cell phenotype (e.g., 
CK19) are known negative predictive factors.      

   Intrahepatic Cholangiocarcinoma 

   De fi nition 

    Primary malignant epithelial liver tumor with • 
biliary differentiation. Presumed to arise from 
epithelium of intrahepatic bile ducts (proximal 
of bile ducts of second order; more distal tumors 
(Klatskin tumors) are considered separately 
with extrahepatic cholangiocarcinoma).     

   Epidemiology 

    Second most frequent malignant liver tumor • 
(5–15% but variable depending on geographic 
region) but much less frequent compared to 
HCC.  
  Highest incidence in Southeast Asia (liver • 
 fl uke infestation); age-standardized incidence 
in Thailand: 88/100,000 males; 37/100,000 
females.  
  In US higher incidence in African–American • 
population.  
  Usually older patients, slight male • 
predominance.  
  Incidence increasing, even in nonendemic • 
regions.     
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   Etiology 

    In most cases unknown.  • 
  De fi ned etiologies for more central/hilar types • 
are liver  fl uke infestation (primarily opisthor-
chiasis and clonorchiasis), hepatolithiasis (7%; 
about 50% of ICC associated with hepatolithia-
sis), primary sclerosing cholangitis (5–15%; 
highest incidence in Northern Europe), and bil-
iary tree malformations.  
  De fi ned etiologies for peripheral type are sim-• 
ilar to HCC and include all causes of nonbil-
iary cirrhosis, especially viral etiology (HBV, 
HCV (1,000-fold increased risk in HCV cir-
rhosis in Japan)).     

   Clinical 

    Nonspeci fi c and depend on location and stage • 
of disease as well as secondary consequences 
(e.g., cholangitis). General symptoms of 
malignant tumor disease may be present.  
  Symptoms of preexisting/predisposing disease • 
may dominate and mask tumor-related symp-
toms (e.g., PSC).  
  Tumor-dependent hepatomegaly, portal hyper-• 
tension, ascites are rarely or never present.  
  Peripheral mass-forming tumors may grow to • 
large size undetected; tumors close to the hilum 
may exhibit signs of biliary obstruction.     

   Histopathology 

    Almost exclusively adenocarcinomas.  • 
  Histologically no de fi nitive distinction from • 
other carcinomas of the pancreatobiliary sys-
tem possible.  
  Mainly tubular growth pattern; but basically • 
all adenocarcinoma variants may occur, 
although at very low frequency; not infre-
quently tumors arising from the large bile 
ducts may show an intraductal papillary com-
ponent; tumor cell anaplasia and sarcomatoid 
dedifferentiation may occur.  
  Tendency to invade along portal tracts, • 
in fi ltrate lymphatic vessels and perineural 

sheets (of large portal tracts) (preferentially 
periductal in fi ltrating or mixed types).  
  Premalignant lesions identi fi ed• 

   Biliary intraepithelial neoplasia (BilIN (1–3))  –
preferentially for periductal in fi ltrating type.  
  Intraductal papillary neoplasia of the bile  –
duct (IPN-B; rare) for intraductal growing 
type (pancreatobiliary, intestinal, gastric, 
and oncocytic types).  
  Mucinous cystic neoplasia (MCN; rare;  –
only females) for hepatobiliary cystadeno-
carcinoma.     

  Grading follows standard UICC criteria.     • 

   Differential Diagnosis 

    Differential diagnosis is aided by immunohis-• 
tology for pancreatobiliary markers (e.g., CK7, 
CK19, Ca19-9) and markers for metastasis dif-
ferentiation in question; ICC cannot be safely 
distinguished immunohistologically from other 
carcinomas of the pancreatobiliary system.  
  Differential diagnostic problems may include   :  • 

  Benign  fi broin fl ammatory lesions in case  –
of highly differentiated tubular adenocarci-
noma (histology, proliferation marker).  
  Mixed hepatocellular–cholangiocarci- –
noma (for peripheral, mass-forming tumor) 
demonstration of hepatocellular differen-
tiation (histology; e.g., Hepar1).  
  Metastases of extrahepatic adenocarcinomas.   –
  Benign biliary lesions: bile duct adenoma,  –
biliary adeno fi broma, von Meyenburg 
complex, biliary cysts.  
  Premalignant lesions (BilIN, IPN-B, MCN)  –
have to be evaluated meticulously for inva-
sive growth.  

  Cytological or biopsy diagnosis in PSC (dom-• 
inant strictures) is dif fi cult with a sensitivity 
of about 60–70%.     

   Molecular Pathology 

    The value of most molecular analyses is restri-• 
cted by the lack of consideration of the different 
cholangiocarcinoma topographies and types.  
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  Multiple pathogenetically relevant changes • 
have been identi fi ed.  
  Chronic in fl ammation is thought to contribute • 
to cholangiocarcinogenesis; stroma cells as 
well as cholangiocytes may secrete cytokines 
(IL-6, IL-8, TGFß, TNF a ). Cytokines may 
induce iNOS leading to increased formation 
of reactive oxygen species.  
  Autocrine IL-6-mediated stimulation leading • 
to enhanced tumor cell survival and promoter 
methylation of several oncogenes; activated 
JAK/STAT signaling was correlated with 
resistance to apoptosis.  
  Resistance of cholangiocarcinoma cells to • 
TGFß-mediated growth inhibition (by TGFßR- 
or SMAD4-mutations) may promote  fi brous 
tissue deposition, neoangiogenesis (via 
VEGF), and tumor progression.  
  EGFR-activation correlated with tumor recur-• 
rence and poorer prognosis; also HER2 
expression is described to correlate to ICC 
progression; intracellular mechanisms may 
involve activation of RAS-RAF-MAPK or 
COX2; also activation of the HGF-MET axis 
has been described.  
  Dysregulation of wnt-associated signaling • 
(loss of membranous E-cadherin and ß-catenin 
expression) associated with invasiveness, poor 
differentiation, and potentially neoangiogene-
sis (via VEGF).  
  Telomerase activation is present in almost all • 
cholangiocarcinomas.  
  Activation of the inducible COX2 is frequent • 
in cholangiocarcinoma and has been linked to 
stimulation of proliferation in vitro and may 
reduce TRAIL- and FAS-mediated apoptosis.  
  Antiapoptotic proteins, such as BCL2 and • 
MCL1 can be highly expressed in cholangio-
carcinoma cells; MCL1 overexpression may 
be a consequence of miR-29 downregulation; 
furthermore some data suggest NOS-, Notch-, 
and COX2-mediated antiapoptotic effects.  
  Constitutive activation of RAS-RAF-MAPK • 
signaling has been reported at varying fre-
quency. KRAS mutations (20–50%; codon 
12 > 13) were reported to correlate with 
perineural in fi ltration and poor prognosis. 
BRAF mutations are also described in CC.  

  Alterations in tumor suppressor genes encom-• 
pass p53 (20–80%) and p21 mutations, 
together with MDM2 upregulation leading to 
functional in activation of p53 in the vast 
majority of cholangiocarcinomas; further-
more, APC and DPC4 deletions and mutations 
or hypermethylation (up to 80%) in the pro-
moter region of p16, leading to its downregu-
lation, occur in cholangiocarcinoma.  
  CDNK2A inactivation occurs in PSC-related • 
cholangiocarcinoma; enhanced CDNK2A pro-
moter methylation and suppression in hepato-
lithiasis-associated cholangiocarcinoma.  
  Microsatellite instability appears to be • 
infrequent.     

   Diagnosis 

    Diagnosis is based on standard morphology • 
aided by immunohistology.  
  Diagnosis of resection specimen includes typ-• 
ing, staging (TNM criteria including vascular 
and perineural in fi ltration and resection mar-
gin status), grading, and analysis of the non-
tumorous liver tissue.  
  Since in biopsy differentiation from other • 
tumors of the pancreatobiliary system is not 
de fi nitively possible by histology alone and 
differentiation from metastatic lesions of other 
tumors may require additional immunohisto-
logical analyses, clinical and imaging infor-
mation regarding potential extrahepatic tumor 
manifestations is mandatory.     

   Prognosis and Predictive Factors 

    Intrahepatic and extrahepatic metastases, • 
macroscopic vascular invasion, advanced 
TNM stage, and noncurative resection are 
negative prognostic factors.  
  Macroscopic type is of prognostic relevance • 
after operation (5-year survival for mass-form-
ing type: 40%; for intraductal growing type: 
70%; for periductal in fi ltrating type: <5%).  
  Grading is not an unequivocal prognostic • 
factor; (partial) squamous or sarcomatoid 



573 Molecular Pathology of Liver Tumors

differentiation has been correlated with poorer 
prognosis; mucin typing (MUC5AC vs. MUC2) 
has been correlated with prognosis but inde-
pendency has not been demonstrated so far.  
  There is no established predictive marker for • 
targeted therapy so far; KRAS mutation status 
may have potential to predict response to 
EGFR-targeted therapy.      

   Combined 
Hepatocellular–Cholangiocarcinoma 

   De fi nition 

    Malignant primary liver carcinoma with • 
unequivocal and intimately mixed (↔colli-
sion tumor) components of hepatocellular and 
cholangiocellular differentiation.     

   Epidemiology 

    Combined hepatocellular–cholangiocarci-• 
noma (HCC–CC) represents about 1–5% of 
all primary liver tumors.  

  Whether age, sex, geographic distribution, and • 
etiological risk factors are similar to classical 
HCC or CC varies signi fi cantly between dif-
ferent studies.     

   Histopathology 

    Typically intimately mixed areas of classical • 
HCC and CC are seen.  
  Immunohistochemistry can support the dual • 
differentiation (e.g., HCC: Hepar1, CD10, 
pCEA, (AFP) and CC: CK7, CK19 positive, 
but HCC areas with progenitor cell features 
may also be positive).  
  A mixed phenotype can be found at the inter-• 
face of both regions, which has to be separated 
from HCC–CC with stem cell features.  
  HCC–CC with stem cell features (Fig.  • 3.5 ) 
may show nests of mature hepatocytes with 
peripheral clusters of small cells positive for 
CK7, CK19, CD56, CD117, and/or epithelial 
cell adhesion molecule (EpCam); intermedi-
ate small ovoid cells with scant cytoplasm 
(positive for Hepar1 or AFP and CK7, CK19, 
or CD117) surrounded by a desmoplastic 

  Fig.  3.5    Schematic representation of the possible histo-
genesis of hepatocellular carcinoma, mixed hepatocellular–
cholangiocarcinoma, and cholangiocarcinoma (material 

adapted from Komuta et al.,  2008  ) .  CC  cholangiocarci-
noma;  CK  cytokeratin;  EpCam  epithelial cell adhesion 
molecule;  HCC  hepatocellular carcinoma       
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stroma that may contain ill-de fi ned glands; or 
cholangiocellular differentiation with small 
(CK19, CD56, CD117, and EpCam positive) 
cells with mild atypia growing in a so-called 
antler-like pattern that consists of cord-like 
anastomosing tubuli arranged in a  fi brous 
stroma. The latter pattern is considered to 
re fl ect the cholangioles of the canal of 
Hering.      

   Differential Diagnosis 

    The differential diagnosis includes HCC, CC, • 
and a collision tumor of HCC and CC depending 
on the tissue (biopsy) available for diagnosis.     

   Molecular Pathology 

    Genomic alterations in HCC–CC include loss • 
of heterozygosity (LOH) at 4q, 8p, 16q, and 
17p, which are at least partially identical 
between HCC and CC areas in most cases.  
  HCC–CC may show genomic alterations that • 
are more common in classical CC than in HCC 
(e.g., LOH of 3p and 14q).  
  In contrast to HCC,  • b -catenin mutations have 
not been described in HCC–CC, whereas 
TP53 mutations (25–30%) and RB1 deletions 
may be present.     

   Diagnosis 

    De fi nite noninvasive diagnosis by imaging is • 
impossible due to the similarities with either 
classical HCC or CC, but HCC typical imag-
ing combined with elevation of both AFP and 
carbohydrate antigen 19–9 (CA19-9) may be 
indicative.  
  Radiological imaging aids in the detection of • 
liver cirrhosis, the extent of intrahepatic disease, 
vascular involvement, and extrahepatic spread.  
  Diagnosis may be incidentally made on liver • 
biopsy specimen, but most diagnoses evolve 
from histological evaluation of surgical 
specimen.     

   Prognosis and Predictive 
Factors 

    The prognosis of HCC–CC is worse than • 
HCC and similar to CC with repeatedly 
reported 5-year survival rates of less than 
25%.  
  HCC–CC tends to behave like HCC with • 
respect to vascular invasion and like CC with 
respect to lymph node metastasis  
  In noncirrhotic patients partial hepatectomy • 
with hilar lymph node dissection is the best 
treatment option, whereas in cirrhotic 
patients the functional reserve of the remain-
ing liver has to be considered before 
surgery.  
  Although the present data are based on experi-• 
ence of single cases, liver transplantation 
seems no choice due to the short survival time 
compared to classical HCC.  
  Local ablative therapy (e.g., radiofrequency • 
ablation) may be a treatment option for local 
recurrences.  
  Predictive factors have to be evaluated through • 
long-term followup of larger cohorts.      

   Hepatoblastoma 

   De fi nition 

    Primary malignant blastomatous liver tumor • 
with hepatic precursor cell differentiation that 
may show various combinations of several, 
variably mature epithelial and mesenchymal 
lineages.     

   Epidemiology 

    Hepatoblastoma (HB) is rare (incidence • 
1/1,000,000), but represents the most frequent 
liver tumor in children and occurs slightly 
more often in males.  
  80–90% of HBs are detected before the age of • 
5 years, the median age at diagnosis is 1 year.  
  Most cases arise sporadic, but the incidence is • 
up to 2,000-fold increased in kindreds with 
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familial adenomatous polyposis (FAP) and 
Beckwith–Wiedemann syndrome (BWS; 
imprinting defect with overexpression of 
IGF2).     

   Etiology 

    HB is associated with premature birth and low • 
birth weight.  
  HB can be associated with congenital diseases • 
and syndromes (e.g., BWS, FAP monosomy 
7, trisomy 9, 18 and 21, Acardia syndrome, 
Goldenhar syndrome, neuro fi bromatosis type 
1, and Prader–Willi syndrome).     

   Clinical 

    Symptoms are typically an enlarged abdomen • 
that may be accompanied by anorexia or 
weight loss.  
  Other unspeci fi c symptoms like nausea, • 
abdominal discomfort or pain may be present, 
whereas jaundice is rare (<5%).  
  HB is associated with paraneoplastic • 
hematological syndromes (e.g., anemia, 
thrombocytosis).  
  Pulmonary metastases are present in 10–20% • 
of patients at diagnosis. Other sites of metas-
tases are skeleton, brain, ovaries, and eyes.  
  Marked AFP elevation is found in 90% of • 
cases, the remaining (AFP-negative) cases 
show a more aggressive course and are associ-
ated with a high risk histology (see below).  
  In most cases (up to 85%) a single mass is • 
detected in imaging studies.  
  Up to 50% of HBs show areas of calci fi cation • 
or ossi fi cation.  
  Preoperative chemotherapy is able to reduce • 
tumor size in >80% of cases.     

   Histopathology 

    HBs display a variety of morphological differ-• 
entiation and growth pattern that may be pres-
ent to a variable extent.  

  HBs are classi fi ed into pure epithelial type, a • 
mixed epithelial and mesenchymal (MEM) 
type (with/without teratoid features), and 
hepatoblastoma, not otherwise speci fi ed.  
  Wholly epithelial type HB can be subtyped • 
into fetal, mixed fetal and embryonal, mac-
rotrabecular, and small cell undifferentiated 
(SCUD).  
  Fetal subtype HB account for nearly 1/3 of all • 
HBs and the neoplastic cells resemble hepato-
cytes of the developing liver. Due to variable gly-
cogen and lipid content the cytoplasm of these 
hepatoblasts shows a typical light and dark pat-
tern at scanning magni fi cation. The nuclei are 
small and round with  fi ne chromatin distribution. 
Immunohistologically fetal HBs show a variable 
AFP and a membranous  b -catenin expression.  
  Mixed fetal and embryonal HB accounts for • 
1/5 of cases and areas with embryonal differ-
entiation resemble hepatoblasts of gestational 
weeks 6–8. The hepatoblasts lack visible gly-
cogen or lipids and have a scant, dark granular 
cytoplasm and a large nucleus with coarse 
chromatin.  b -catenin is expressed at the cell 
membrane and in less differentiated areas 
nuclear staining is seen.  
  Macrotrabecular HB is rare and shows wide • 
trabeculae (>6 cells) as the predominant 
growth pattern. The trabeculae may be com-
posed of embryonal, fetal, and/or hepatocyte-
like cells. Macrotrabecular HB (MT) can be 
divided in MT1 (exclusively hepatocyte-like 
cells, more aggressive course) and MT2 (fetal/
embryonal cells).  
  SCUD HBs are composed entirely of noncohe-• 
sive sheets of so-called small blue cells without 
discernible cytoplasm. SCUD HBs are very rare 
and represent the least differentiated subtype that 
is not associated with AFP elevation. The SCUD 
phenotype, even if expressed focally, is an 
adverse prognostic factor (Fig.  3.6 ).   
  MEM type HBs account for 45% of cases and • 
consist of neoplastic epithelial and neoplastic 
mesenchymal components. About 80% of 
MEM type HBs do not show teratoid features, 
whereas the remaining cases display complex 
heterologous tissues of all three germ layers 
(e.g., endodermal, neuroectodermal, complex 
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mesenchymal). Osteoblast-like cells adjacent 
to osteoid may be epithelial-derived as indi-
cated by CK8 and AFP expression and blend-
ing with epithelial components.  
  Independent of the subtype neoadjuvant che-• 
motherapy may result in  fi brosis, hemorrhage, 
and necrosis, whereas squamous metaplasia 
may be seen in residual viable tumor areas. 
Other treatment-induced changes include bal-
looning, fatty change, nuclear pleomorphism, 
and foreign body reaction.  
  Special variants include HB with cholangio-• 
cellular components, transitional liver cell 
tumor (TLCT, intermediate between hepato-
blast and hepatocyte, giant cells, very high 
serum AFP), and the calcifying nested stromal 
epithelial tumor.     

   Differential Diagnosis 

    HB must be differentiated from infantile heman-• 
gioendothelioma, mesenchymal hamartoma, or 
undifferentiated embryonal sarcoma that occur 
in the same age group.  
  Rhabdoid features may occur in SCUD HB and • 
then require differentiation from a primary rhab-
doid tumor of the liver, which shows no immu-
nohistological expression of SMARCB1/INI1.     

   Molecular Pathology 

    Although no consistent pattern of chromo-• 
somal anomalies has been detected, low num-
ber alterations that include gains of 1q, 2, 4q, 

  Fig. 3.6    Small cell undifferentiated hepatoblastoma. 
( a ) Small cell blue tumor arranged in solid sheets. ( b ) 
AFP expression is only seen in individual tumor cells. 

( c ) Strong nuclear and cytoplasmic  b -catenin expres-
sion. ( d ) Ki67 stains demonstrate high proliferative 
activity (original magni fi cation 200-fold)       
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7, 8q, 10, 12q, 17q, 20, Xp, and Xq as well as 
losses of 1p, 2q, 4q, and 11p have been com-
monly reported.  
  Gains of 2q, 8q, and 20q have been associated • 
with a poor outcome.  
  LOH of the maternally imprinted allele at • 
11p15 is nearly pathognomonic for patients 
with BWS. This region encodes p57/kip2, 
IGF2, and H19.  
  Alterations in the APC/  • b -catenin pathway 
play an important role in the pathogenesis of 
HB as demonstrated by the association with 
FAP, the presence of APC mutations in spo-
radic HBs, and the detection of nuclear 
 b -catenin accumulation due to deletions in 
exons 3 and 4 in about 70–80% of cases.  
  Besides the most commonly affected  • b -catenin 
and IGF-signaling pathways altered gene 
expression is found for components of several 
other pathways (Table  3.2 ).   
  The molecular changes correlate in part with • 
the histological differentiation (Table  3.3 ), 
whereas others, like p53 mutation and mis-
match repair defects, do not.      

   Diagnosis 

    HB diagnosis is reached via imaging studies in • 
combination with serum AFP level and biopsy.     

   Prognosis and Predictive Factors 

    The Children’s Oncology Group staging sys-• 
tem (Table  3.4 ) is used to assess completeness 
of resection, the most important prognostic 
factor.   
  The PRETEXT (pretreatment extent of dis-• 
ease) system is used for staging before initiat-
ing therapy and correlates with overall and 
event-free survival.  

   Table 3.2    Molecular  fi ndings in hepatoblastoma 
(Material adapted from Zimmermann and Saxena,  2010 )   

 Microsatellite instability  17/21 cases (81%) 

 TGF b  signaling  Upregulation 

 PPAR a   Upregulation 

 Adipocytokine signaling  Upregulation 
 Extracellular matrix-
receptor interaction 

 Upregulation 

 Apoptosis  Downregulation 
 WNT signaling  Upregulation 

  b -catenin  Mutation, deletions in exon 
3 and 4 

 AXIN1  Mutations 
 APC  Mutations (in cases 

associated with familial 
adenomatosis polyposis) 

 Cell cycle dysregulation 
 PLK1  Upregulation 
 CDKN2A  Promoter methylation 
 CDKN2B  Loss of expression 
 DLK1  Upregulation 
 Dysregulation of IGF-signaling 
 PLAG1  Overexpression 
 11p15 gene cluster  Imprinting errors (BWS) 

   Table 3.3    Genotype–phenotype correlation in histologi-
cal subtypes of hepatoblastoma (Material adapted from  
Zimmerman and Saxena,  2010 )   

 Histological subtype  Molecular alterations 

 Small cell undifferenti-
ated hepatoblastoma 

 Overexpression of MAPK 
pathways 
 Loss of CDKN1B 
 FOXG1 overexpression 
 Downregulation of Notch 
signaling (HES1) 
 Downregulation of GS 

 Fetal hepatoblastoma  Large deletion in exons 3 
and 4 of  b -catenin 

 Mesenchymal 
hepatoblastoma 

 Upregulation of pathways 
responsible for extracellu-
lar matrix-receptor 
interaction 

   Table 3.4    Staging of hepatoblastoma according to the 
Children’s Oncology Group    

 Stage  Criterion 

 I  Tumor completely resected without 
microscopic residual disease 

 II  Presence of microscopic residual 
disease 
 Pre- or intraoperative tumor rupture 

 III  Unresectable tumor 
 Resectable tumor with grossly 
visible residual disease 
 Nodal metastasis 

 IV  Distant metastasis 
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  High PRETEXT stage, low serum AFP, vas-• 
cular invasion, and certain histological sub-
types (SCUD, rhabdoid features, TLCT) 
predict aggressive behavior, whereas low stage 
and purely fetal morphology are favorable 
prognostic factors.  
  HB is usually chemosensitive and thus preop-• 
erative chemotherapy allows downstaging and 
enables secondary resection, but this approach 
has been questioned since about 40% of HBs 
are primarily resectable and those with pure 
fetal histology and low mitotic rate do not 
require additional chemotherapy.  
  Liver transplantation is the only treatment • 
option for unresectable HBs and results in 
10-year survival rates of 66–78%.  
  The only contraindication for transplantation • 
of HBs is the persistence of extrahepatic dis-
ease unresponsive to chemotherapy.  
  Polo-like kinase 1 (PLK1) expression has neg-• 
ative prognostic value independent of  b -catenin 
mutation, age, stage, and histology.  
  Hypermethylation of the RASSF1A promoter • 
is associated with less response to preopera-
tive chemotherapy.          
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   Epidemiology of Gallbladder Cancer 

    Gallbladder cancer (GBC) is an infrequent • 
neoplasm in most Western countries but is 
much commoner in some other parts of the 
world. It is not included in the statistics of 
World Health Organization and International 
Agency for Research on Cancer databases  
  High incidence rates of GBC have been • 
detected in indigenous Chilean Mapuches 
(35/100,000), in women in Delhi, India 
(21.5/100,000), women in La Paz, Bolivia 
(15.5/100,000), women in South Karachi, 
Pakistan (13.8/100,000) and Quito, Ecuador 
(12.9/100,000).  
  GBC affects women two to six times more • 
than men, and its’ incidence increases pro-
gressively with age in both sexes.  
  GBC is not frequent in North America, except • 
for Pima Indians of New Mexico (11.3/100,000) 
and female immigrants from Latin America, 
con fi rming a role for both genetic and envi-
ronmental factors.  
  Susceptibility in native North and South • 
American women, who also present an 
increased risk of cholelithiasis, may be 
explained by common ancestral origins, sug-
gesting a genetic component may be respon-
sible for the greater risk in Chile.  
  The geographical zone and ethnic and cultural • 
variations in the incidence of GBC suggest 
that there is a considerable genetic and envi-
ronmental in fl uence on the development of the 
disease, which includes diet and lifestyle.  
  In Chile, it is the main cause of cancer death in • 
women, with a mortality rate of 7 deaths per 
100,000 in men and 15.6 deaths per 100,000 
in women, and this pattern has remained con-
stant over the last 18 years.     

   Risk Factors of Gallbladder Cancer 

   Gallstones 

    The most signi fi cant risk factor for GBC is • 
cholelithiasis present in over 95% of chronic 
cholecystitis, and in 65–90% of patients with 

GBC. The link between cholelithiasis and 
GBC has been described since 1861.  
  One potential connection between genetic • 
predisposition to stones and incidence of GBC 
has been suggested by studies on populations 
where there is a predominance of gallstones.

   In a study that included three ethnic groups  –
(Mapuches, Chilean Hispanics and Maoris on 
Easter Island), it was concluded that litho-
genic genes are very frequent among Chilean 
indigenous peoples and the Hispanic popula-
tions with the highest rates of GBC mortality.  
  These studies strongly support the thesis  –
that genetic factors play an important role 
in some speci fi c populations, contributing 
to lithogenic bile production.  
  Speci fi c polymorphisms of apoproteins and  –
plasma cholesterol ester transfer proteins seem 
to correlate with cholesterol cholelithiasis.     

  Although it is certain that a high percentage of • 
cholelithiasis cases are associated with GBCs, 
close to 10–25% of patients with this disease 
have no cholelithiasis reported, and only a 
small proportion (1–3%) of patients with gall-
stones develop cancer.  
  Various studies have shown that of all the gall-• 
bladders operated for cholelithiasis, between 3 
and 4% present with GBC at different stages 
in the specimen or its presumed precursors. 
For this reason, it has been suggested that 
cholecystectomy is the fundamental interven-
tion for reducing GBC in high risk areas.     

   Hyalinizing Cholecystitis (“Porcelain 
Gallbladder”) 

    The term “porcelain gallbladder” (PG) has been • 
employed for extensively calci fi ed gallbladder, 
which has traditionally been regarded as a high 
risk for cancer and long reported to be associated 
with carcinoma in 12.5–62% of the patients. 
However recent large scale radiologic studies 
have all but eliminated this dogma  fi nding carci-
noma in only a very small percentage of cases 
with calci fi cations (44 of 25,900 and 15 of 
10,741 cholecystectomies, respectively).  
  It has now become clear that it is a distinctive • 
type of chronic cholecystitis termed hyalinizing 
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cholecystitis characterized by extensive 
hyalinization and effacement of the gallbladder 
wall by a hyaline  fi brosis with minimal or no 
calci fi cations (“incomplete porcelain gallblad-
der”) that is a very high risk for carcinoma. In con-
trast, extensively calci fi c versions of this process 
are seldom, if at all, associated with carcinoma.     

   Gallbladder Polyps 

    The presence of polyps is another predispos-• 
ing factor for GBC. Recent evidence suggests 
that polyps larger than 10 mm in diameter 
have higher potential to become malignant.  
  If it is diagnosed in asymptomatic patients, • 
even in the absence of gallstones, removal of 
the gallbladder is recommended.  
  Small polyps (less than 10 mm in diameter) • 
must be removed if they are producing symp-
toms or are associated with gallstones.     

   Anomalous Pancreatobiliary Ductal 
Junction 

    An anomalous pancreatobiliary ductal junc-• 
tion (APBDJ) is associated with the develop-
ment of GBC. This anomalous ductal junction 
is associated with duodenal or pancreatic con-
tent re fl ux into the gallbladder, and this causes 
bile stasis leading to precancerous changes in 
the gallbladder mucosa.  
  Patients who develop GBC in association with • 
APBDJ are generally young, have a low inci-
dence of gallstones, and are more frequently 
Asians rather than Westerners.  
  This condition is more frequent in the Japanese • 
population and is seen in close to 17% of 
patients with carcinoma, compared to less 
than 3% of patients with other hepatobiliary 
disorders.     

   Carcinogens 

    Studies have shown that methylcholanthrene, • 
o-aminoazotoluene, and nitrosamines can pro-
duce GBC in animal experiments.  

  Occupational exposure to chemical carcinogens • 
in individuals who work in the rubber industry 
suggests these compounds may play a role in 
gallbladder carcinogenesis. In northern India, 
the use of mustard oil loaded with carcinogenic 
impurities has been proposed as an etiological 
factor for GBC.  
  A high concentration of the products of free radi-• 
cal oxidation and secondary bile acids has been 
reported in patients with GBC compared to a 
control group of patients with cholelithiasis.  
  In other analyses conducted on workers who • 
handle cellulose acetate or who work in indus-
tries exposed to radon, a higher risk of suffer-
ing from GBC was also found.     

   Chronic Gallbladder Infection 

    Although the participation of chronic bacterial • 
infections like  Salmonella  and  Helicobacter  
have been reported in gallbladder carcinogen-
esis, there are contradictory evidences.  
  This association has been assumed particu-• 
larly in countries like India, where typhoid 
fever is endemic.  
  With regards to  • Helicobacter ,  fi ndings are not 
consistent and do not support a signi fi cant role 
with respect to the presence of this bacterium 
in gallbladder carcinogenesis.  
  Persistent/recurrent infections are also impli-• 
cated in the GBCs that occur in patients with 
hyper-IGM syndrome who develop gallblad-
der carcinoma in very young ages, as early as 
teenage years.     

   Genetic Susceptibility and 
Polymorphism 

    Polymorphisms of several genes have been • 
identi fi ed in cholelithiasis includingABCB4, 
ABCB11, CYP7A1, and ApoB. The genetic 
variant located in the  fi rst exon of ABCG8 gene 
(ABCG8–D19H) has been found to have a three-
fold to sevenfold risk of cholelithiasis when het-
erologous and homologous, respectively.  
  ABCG8 is expressed in the canalicular mem-• 
brane of hepatocytes and small bowel epi-
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thelium acting in collaboration with ABCG5 
in facilitating the cholesterol secretion. The 
risk variant would produce an increase in the 
cholesterol secretion favoring the formation 
of cholesterol stone.  
  This polymorphism is also associated with GBC • 
in Indian, Asian, and Danish populations. It has 
been suggested that this alteration could be 
responsible of at least 25% risk to develop GBC.  
  Others genetic variants of Ex10 + 837TC • 
(rs5275) en PTGS2 which code the COX2 
synthesis have also been implicated.  
  Also variants of VEGF have been associated • 
with billary tract cancers and variants of 
IL8RB, IL8, IL8RB, RNASEL, and variants 
of NOS2 for cholelithiasis (and thus presum-
ably, indirectly with GBC).     

   Other Factors 

    Epidemiological studies have shown that there • 
is a strong association between GBC and obe-
sity. Gallbladder adenomyomatosis, chronic 
in fl ammation of the intestine and polyposis 
coli have also been linked to GBC.      

   Carcinogenic Pathways 

    In most epithelial tumors, particularly glandular • 
tumors (adenocarcinomas), two models of malig-
nant progression have been shown to be in play: 
The  metaplasia–dysplasia–carcinoma pathway  
and the  adenoma–carcinoma  sequence.  
  The  fi rst is based on alterations to the normal • 
gallbladder epithelium, whereby metaplasia 
 fi rst appears as an adaptive process secondary 
to chronic irritation or in fl ammation. 
Subsequently, dysplasia develops in the meta-
plastic epithelium, and gradually progresses 
into a carcinoma in situ and  fi nally, to invasive 
cancer. We refer to this as the pathway of non-
tumoral intraepithelial neoplasia.  
  The second pathway, the adenoma–carcinoma • 
sequence, represents the malignant transfor-
mation process from an initially benign glan-
dular proliferation that forms a mass (polyp or 

papillary lesion) that is variably termed as 
 adenoma or intracystic papillary neoplasm or, 
as proposed recently, as intracholecystic papil-
lary tubular neoplasms.  
  The evidence at the genetic molecular level • 
also demonstrates that the two pathways corre-
spond to two different biological events (see 
below).    

   Metaplasia–Dysplasia–Carcinoma 
Sequence 

    In gallbladder carcinogenesis model, the ini-• 
tial lesions on the epithelium of the mucosa 
are attributable to in fl ammation.  
  The formation of stones may be the primary • 
initiating process.  
  Two types of metaplasia can be observed in • 
the gallbladder mucosa: the pyloric and intes-
tinal type. While the former is more ubiqui-
tous the latter appears to be more closely 
associated with cancer.  
  Epithelial dysplasia has been found adjacent • 
to GBCs. Over 80% of in fi ltrative GBCs 
show foci of epithelial dysplasia, including 
its most advanced form, carcinoma in situ.  
  In addition to common coexistence of these • 
lesions, molecular evidence also points 
towards this transformation.  
  According to our observations, the period • 
required to progress from dysplasia to 
advanced GBC is believed to be ~15 years, 
because a continuum in the progression of the 
lesions is observed over such period.     

   Adenoma–Carcinoma Sequence 
(Intracholecystic Papillary Tubular 
Neoplasms) 

    In the WHO 2010 classi fi cation, these lesions • 
are regarded under two groups, “adenomas” and 
“intracystic papillary neoplasms,” We consider 
those >1 cm under one uni fi ed category of intra-
cholecystic papillary tubular neoplasms, similar 
to what is being done in pancreatic intraductal 
papillary mucinous neoplasms, or biliary intra-
ductal papillary neoplasms (Figs.  4.1  and  4.2 ).    
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  Fig.  4.1    Metaplasia–dysplasia–carcinoma sequence and its main molecular alterations       
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  The adenoma–carcinoma carcinogenic sequence • 
was initially suggested by Kozuka, who 
reviewed the histology of 1,605 GBCs and 
found 11 benign “adenomas,” 7 with signs of 
malignancy and 79 with invasive carcinomas.  
  In our experience, these “adenomas” and • 
“papillary neoplasms” occur in 0.4 of 
cholecystectomies.  
  About 6–7% of the invasive cancers arise in • 
association with these lesions.  
  While the smaller ones and those with pyloric • 
cell phenotype (MUC6 expressing) have a 
much less likelihood of cancerous transforma-
tion, those >1 cm are associated with invasive 
carcinoma even if they have pyloric differen-
tiation, in 18%.  
  The more papillary examples, and especially • 
those with foveolar (MUC5AC expressing) or 
biliary (MUC1 expressing) phenotype and 
>1 cm have an association with invasive can-
cer in more than half of the cases.  
  Intestinal (MUC2 and CDX2 positive) and • 
oncocytic types are less common and less well 
characterized.  

  Invasive carcinomas arising from this path-• 
way may have a more indolent behavior, 
although the data on this is fairly limited.      

   Oncogenes 

   KRAS 

    A wide range of  fi gures have been reported • 
with respect to activating mutation of the 
 KRAS  oncogene in GBC.  
  While some have failed to identify any muta-• 
tions in this gene. Others, detected them in 
between 40% and 50% of GBCs.  
  The overall rate of  • KRAS  mutation is 
signi fi cantly less than in pancreatic and distal 
biliary tract carcinomas.  
  Those patients with anomalous union of pan-• 
creatobiliary ducts have a signi fi cantly higher 
frequency of mutation.  
  The increasing incidence of  • KRAS  mutation 
with exposure to pancreatic juice has led to the 
hypothesis that this mutation may be induced 
by the pancreatic secretions.  

Adenoma-Carcinoma Sequence

Normal
Mucosa Adenoma Invasive

Carcinoma

Tumor suppressor genes

Cell adhesion molecules

FHIT

Catenins
E-cadherin CD56

CD54

Others

VEGF
COX-2

No information available about  epigenetic alteration

Minimal allelic disbalance detected

  Fig.  4.2    Adenoma–carcinoma sequence and its main molecular alterations       
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  Mutation of  • KRAS  is not detected in carci-
nomas associated with an “adenoma” (intra-
cholecystic papillary tubular neoplasms), 
supporting the idea that there are two differ-
ent genetic pathways related to the two mor-
phological pathways,  fl at versus tumoral.     

   BRAF 

    Mutations in exon 15 of  • BRAF  were observed 
in 33% of GBCs. The activation at several lev-
els of the  RAS/RAF/MEK/ERK  pathway may 
constitute an event secondary to Ras activation 
or it may be due to the activation of points not 
yet studied in gallbladder carcinogenesis.  
  Disruption of MAP kinase  • RAS/RAF/MEK/
ERK  signaling pathway occurs in around 65% 
of GBCs, and could therefore be considered 
one of the most common defects in the patho-
genesis of this disease.     

   Epidermal Growth Factor Receptor 

    Overexpression of epidermal growth factor • 
receptor ( EGFR, HER1 ) has been reported in 
12–100% of GBCs and has been linked to 
shorter survival.  
  The genomic instability due to ampli fi cation • 
of  MYC  may be the cause of the ampli fi cation 
of  EGFR  and/or  ERBB2  ( HER2 ).  
  Overexpression of ERBB2 has been reported • 
between 63 and 69% of gallbladder 
adenocarcinomas  
   • HER2  ampli fi cation was identi fi ed in more 
than 20% of GB and extrahepatic bile duct 
carcinomas. There was strong correlation 
between  HER2  immunohistochemistry and 
 fl uorescence in situ hybridization positivity.     

   SKP2 

     • SKP2  is believed to be a protooncogene caus-
ally involved in the pathogenesis of lympho-
mas. It is considered a potential target for 

phosphatase and tensin homologue ( PTEN )-
de fi cient cancers  
   • SKP2  overexpression was associated with 
gene ampli fi cation on chromosome 5p11–13 
in 53% of the GBC cases.  
  Overexpression of  • SKP2  immunohistochemi-
cally was found to be an independent prog-
nostic factor in GBC, in addition to its 
correlation with signs of aggressiveness 
including vascular invasion, advanced T stage, 
histologic grade, and proliferation index.      

   Tumor Supressor Genes 

   TP53 

    Even though the mutations in this gene are • 
seen infrequently early on, it is relatively com-
mon at the later stages of this disease.  
  Mutations of the  • TP53  gene, and associated 
accumulation of p53, have been found in 
between 27 and 70% of GBCs.  
  Molecular studies have revealed that muta-• 
tions between exons 5–8 are directly related to 
the deregulation of gene  TP53 , which was 
observed in patients from two separate geo-
graphic areas with high prevalence of GBC, 
Chile and Japan, with some differences in the 
type of mutations.     

   p16/CDKN2/INK4 

    The inactivation of this tumor suppressor gene • 
is a common event in human cancers.  
  We observed  • p16  potential inactivation in 
41% of cases, either by LOH (11%) or by 
methylation (24%).  
  There is a loss of immunoexpression from • 
normal epithelial tissue adjacent to GBC (50–
90% of cells), decreasing in dysplasia or ade-
noma (over 50%), and with the least expression 
observed in carcinoma (10–50%).  
  Inactivation of the  • p16  gene is associated with 
a poor prognosis, and also appears to be asso-
ciated with mutation of the  KRAS  gene.     
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   Fragile Histidine Triad 

    The reduction in the immunohistochemical • 
expression of fragile histidine triad ( FHIT ) 
along with the loss of the alleles is almost uni-
versal in GBC, and is detected early in the 
sequential development of this neoplasia.  
  This suggests that the  • FHIT  gene is a possible 
tumor suppressor involved in the pathogenesis 
GBC.     

   SERPINB5 (Maspin) 

    Maspin is a tumor suppressor gene in the • 
Serpin family.  
   • SERPINB5  gene encodes maspin, which is 
upregulated in GBC when compared with nor-
mal tissue.  
  Maspin expression is highest in early stages • 
of gallbladder carcinogenesis with a 
decrease in expression levels in disease 
progresses.     

   Promyelocytic Leukemia 

    Patients with normal promyelocytic leukemia • 
( PML ) and p53 expression have been shown 
to have more favorable outcome, compared 
with abnormal expression of either of the two 
proteins.  
   • PML , along with p53, is thus proposed as a 
prognostic marker.      

   Microsatellite Instability 

   DNA Repair System and Microsatellite 
Instability 

    Although in some studies, loss of hMLH1 and • 
hMSH2 (mismatch repair system) has been 
reported to be high; in our experience, high 
levels of microsatellite instability (MSI-H) is 
present in only 10% of GBC, which is slightly 
less frequent than the incidence in colon and 
gastric cancers.  

  MSI-H phenotype was also found in 33% of • 
intestinal metaplasias and 83% of dysplastic 
areas associated with MSI-H tumors. In over 
90% of cases, the pattern found in these pre-
neoplastic lesions matched the one found in 
the normal tissue adjacent to the tumor, sug-
gesting that microsatellite instability may be 
signi fi cant in the initial stages of gallbladder 
carcinogenesis.  
  Separately, altered immunohistochemical • 
expression of O6-Methylguanine-DNA meth-
yltransferase (MGMT) was detected in 
approximately 60% of specimens of GBC and 
correlated with hepatic invasion and poor 
prognosis.  
  A combined status of altered MGMT and mis-• 
match repair was shown to be a signi fi cant 
prognostic factor in GBC re fl ecting the accu-
mulation of genetic mutations.      

   Adhesion Molecules and Mucins 

   e-Cadherin–Catenin Complex 

    The changes to the cadherin–catenin complex • 
is known to lead to alterations of cell–cell 
adhesion, that facilitates the spreading of neo-
plastic cells independently in the tissue.  
  The cytoplasmic and nuclear expression of • 
beta-catenin in carcinomas is associated with 
a better prognosis.  
  In our experience, loss of E-cadherin, beta-• 
catenin, and alpha-catenins occurs in 20–30% 
of advanced (subserosally invasive) GBC.  
  See Fig.  • 4.3 .      

   Claudins 

    Claudins are a family of proteins with a key • 
role in the tight junctions, and regulate the 
 fl ow of molecules between the cells.  
  Decrease in immunoexpression of some clau-• 
dins, in particular, claudin 10, but to lesser 
degree also of claudin-2, -3, and -4 was found 
in carcinomas compared to the normal 
samples.  
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  Fig. 4.3    Summary of key molecular aspects involved in GBC (Adapted from Dakubo GD. Field cancerization: basic 
science and clinical applications. Toronto: Nova Science; 2011)       
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  Caudin-4, on the other hand, was found to be • 
expressed uniformly in GBC.     

   EPCAM 

    EPCAM is a panepithelial differentiation anti-• 
gen that is expressed on almost all 
carcinomas.  
  EPCAM appears to be an independent prog-• 
nostic marker in GBC.     

   MUC Glycorpoteins, 1, 2, 4, 5a, and 6 

    As in the pancreas, MUC1 expression was • 
signi fi cantly higher in cancerous tissue than in 
normal and was associated with GBC progres-
sion and lymphatic invasion.  
  MUC2 is rarely expressed in GBC but is • 
detected in the goblet cells and intestinal type 
differentiation areas in nondysplastic as well 
as dysplastic tissue. It is also detected in some 
mucinous carcinomas.  
  The levels of MUC4 immunoexpression and • 
messenger RNA were increased in GBC spec-
imens. Immunoprecipitation experiments 
showed an interaction between MUC4 and 
ERBB2 which are partially colocalized in the 
apical cell surface.  
  In preneoplastic lesions of the gallbladder, • 
in fl ammation was dependent upon signaling 
pathways induced by EGFR inducing over-
production of MUC5AC, which accumulates 
in cholecystitis produced by cholesterol 
stones.  
  As expected MUC6 expression is frequent in • 
pseudo pyloric metaplasia just as in some 
forms of dysplasia and a subset of 
carcinomas.  
  In intracholecystic papillary tubular neoplasms • 
(adenomas, and “intracystic” papillary neo-
plasms), the MUC pro fi le corresponds to the 
cell lineages, with the biliary differentiation 
areas and high grade dysplastic foci typically 
showing MUC1, the gastric types showing 
either MUC5AC or MUC6, and those rare 
intestinal subtypes showing MUC2.     

   Other Surface Glycoproteins, CD54, 
CD56, CD44, CD99, and CEA 

    Among the surface glycoproteins involved in • 
cell–cell interactions, adhesion and migration, 
CD54 expression was detected in 14% of ade-
nomas and in 39% of carcinomas, associated 
with advanced stages.  
  The expression of CD44 was found in 20% of • 
normal tissues studied, in 33% of metaplasias, 
in 37% of low grade dysplasias, 43% of ade-
nomas, and 24% of carcinomas. CD44v6 vari-
ant was found only in late stages of carcinomas 
in 26% and in 43 of adenomas.  
  CEA was demonstrated to increase progres-• 
sively from 3% in normal to 11% in metapla-
sia, 33% in low grade dysplasia and 70% in 
carcinoma.  
  The immunohistochemical expression of • 
CD99 showed modest decreases in neoplastic 
transformation with 95% in a normal gallblad-
der, 88% in metaplasia, 86% in adenoma, and 
67% in carcinoma.     

   Heparanase 

    Heparanase, also known as HPSE, is an • 
enzyme that acts both at the cell surface and 
within the extracellular matrix to degrade 
polymeric heparan sulfate molecules into 
shorter chain oligosaccharides.  
  Expression of heparanase was directly associ-• 
ated with tumor size, level of tumor invasion, 
and poor survival in patients with GBC.     

   ZEB1 and T-cadherin 

    ZEB1 has been implicated as one of the key • 
molecules responsible for epithelial–mesen-
chymal transition (EMT) and the invasiveness 
of cancers.  
  It has been speculated that the transcriptional • 
regulator ZEB1 physically binds to the 
T-cadherin promoter, repressing the promoter 
activity in E-box through a form depending on 
the sequence, and thus suppresses T-cadherin 
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expression, and ultimately increasing the 
 invasiveness of GBC cells.     

   Laminin 5 

    Laminin 5 is a component of the extracellular • 
matrix that exert myriad effects on tissues 
throughout the body.  
  The immunostaining of laminin-5y2 has been • 
shown to be a strong predictor of stromal and 
lymphovascular invasion and subserosal neu-
ral in fi ltration in GBC as well as the frequency 
of lymph node metastasis.     

   UDP- N -Acetyl-a- D -Galactosamine 

    UDP-N-acetyl-a- • d -galactosamine is the ter-
minal carbohydrate forming the antigen of 
blood groups, and is necessary for intercellu-
lar communication.  
  In stage pT2 GBC, a correlation between the • 
immunohistochemical expression of 
GalNAc-T3 and the depth of invasion into the 
subserosa was detected.  
  It was suggested that as an independent prog-• 
nostic factor in pT2 carcinomas, the expres-
sion of this GalNAc- may help early 
identi fi cation of those patients who need more 
aggressive treatments.      

   Epigenetic Alterations in GBC 

    Epigenetics is regarded as those heritable • 
changes in gene expression that are not the 
result of alterations in the nucleotide 
sequence.  
  The main components of the epigenetic code • 
that act as transcription repressors are: DNA 
methylation, histone modi fi cation (phospho-
rylation, acetylation, and methylation), and 
altered regulation mechanisms using miRNA.  
  The inactivation of tumor suppressor genes by • 
methylation is a frequent epigenetic mecha-
nism in the carcinogenic process and seems to 
be an early, progressive, and cumulative event 

in gallbladder carcinogenesis. Its presence has 
been used as a marker for prognosis and treat-
ment selection.  
  Epigenetic alterations also increase from • 
chronic cholecystitis without metaplasia to 
chronic cholecystitis with metaplasia, and 
may thus have a role in metaplasia–dysplasia–
carcinoma sequence.  
  In GBC, ten genes have showed a relatively • 
high frequency of aberrant methylation:  SHP1  
(80%),  3-OST-2  (72%),  CDH13  (44%), 
 P15INK4B  (44%),  CDH1  (38%),  RUNX3  
(32%),  APC  (30%),  RIZ1  (26%),  P16INK4A  
(24%), and  HPP1  (20%).  
  Signi fi cantly high methylation frequencies in • 
GBC compared to chronic cholecystitis were 
detected for eight genes ( 3-OST-2 ,  CDH13 , 
 CDH1 ,  RUNX3 ,  APC ,  RIZ1 ,  P16INK4A,  and 
 HPP1 ). The average methylation index of the 
cases studied was relatively high for GBC 
(0.196 ± 0.013), compared to chronic chole-
cystitis (0.065 ± 0.008;  P  < 0.001).  
  In a series of 109 advanced cancers exam-• 
ined in our laboratory, a signi fi cant associa-
tion with survival was found in the 
methylation of  p73  ( P  < 0.006),  MGMT  
( P  < 0.006), and  DCL1  ( P  < 0.044). 
Subserosal tumors with methylation index 
equal to or greater than 0.4 were associated 
with signi fi cantly worse survival. A multi-
variate analysis found methylation of  MGMT  
to be a prognostic factor independent of sur-
vival ( P  < 0.01). Other studies have shown a 
high methylation frequency in  SEMA3B  
(92%) and  FHIT  (66%); intermediate in  BLU  
(26%) and  DUTT1  (22%); and a very low 
frequency in  RASSF1A  (8%) and  hMLH1  
(4%) on chromosome 3p, a tumor suppressor 
gene candidate locus.  
  We have also found that  • DAPK1 ,  DLC1 , 
 TIMP3 , and  RARB2  show a progressive 
increase in their methylation state from chronic 
cholecystitis without metaplasia to advanced 
carcinoma that invades the serosal layer.  
  In addition, an increase in methylation of  • p15 , 
 APC ,  DLC1 , and  CDH13  was related to poor 
survival. This  fi nding illustrates the important 
role that epigenetic process may play in 
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gallbladder carcinogenesis, and the use of epi-
genetic changes as prognostic factors as well 
as in the potential selection of alternative treat-
ments for GBC.     

   In fl ammation 

   Prostaglandin and Cyclooxygenase 

    COX2 is believed to play an important role in • 
gallbladder carcinogenesis. Its overexpression 
seems to be an early event, occurring in pre-
neoplastic lesions, and is associated with the 
dysfunction of p53.  
  High expression of COX2 in GBC correlates • 
signi fi cantly with Nevin stage and lymph node 
metastasis.  
  Prostaglandin PGE2 produced by COX2-• 
expressing carcinoma cells and stromal cells 
could also be playing an important role in 
tumor growth and progression through 3 
potentials mechanisms: stimulation of cancer 
cell proliferation by induction and phospho-
rylation of the AKT PI3-kinase pathways; 
expression of insulin-like growth factor 1 
reception via PI3/AKT; and/or modi fi cation 
of the MAP kinase cell proliferation 
pathway.     

   Inducible Nitric Oxide Synthase 

    It has been suggested that nitrous oxide (NO) • 
has a dual effect on the development of gall-
bladder tumors.  
  One aspect of this is that the excessive NO • 
induced by inducible nitric oxide synthase 
(iNOS) may have a signi fi cant tumor-inducing 
effect in chronic cholecystitis and cholecysti-
tis with adenomyoma: iNOS expression has 
been detected in 88% in cholecystitis, 100% 
in cholecystitis with adenomyoma and a 71% 
in adenocarcinoma.  
  On the other hand, low iNOS expression in • 
gallbladder adenocarcinomas has been associ-
ated with early metastasis and poor 
prognosis.     

   FAS Receptor and FAS Ligand 
in Immune Escape 

    FAS receptor (FASR), an important cell surface • 
receptor protein of the TNF receptor family 
known also as CD95, induces apoptosis by bind-
ing FAS ligand (FASL). The FASL protein expres-
sion in malignant gallbladder tissue is signi fi cantly 
higher than in normal, and the amount of apop-
totic lymphocytes associated with carcinomas are 
signi fi cantly higher as well.  
  It is speculated that the overregulation of FASL • 
allows the tumor cells to escape the body’s 
immune monitoring by inducing in fi ltrating 
lymphocyte apoptosis in GBC tissues.  
  It is also believed that the upregulation of • 
FASL expression plays an important role in 
the invasiveness, progression to higher grade 
and metastasis in GBC.     

   KEAP1 and NRF2 

    KEAP1 has been shown to interact with NRF2, • 
a master regulator of the antioxidant response, 
which is important for the amelioration of oxi-
dative stress.  
  KEAP1 mutation occurs more frequently in • 
GBC than in cancer of the bile ducts. These 
mutations result in the accumulation and acti-
vation of NRF2, an important transcriptional 
factor for many genes.  
  NRF2 provides cytoprotection against oxidative • 
agents and increases cell growth, and can par-
tially provide resistance to 5-FU in cancer cells.  
  Because NRF2 activation leads to a coordinated • 
antioxidant and antiin fl ammatory response, and 
KEAP1 suppresses NRF2 activation, KEAP1 
has become a very attractive drug target.     

   CDX2 

    It has been shown that transcription factor • 
CDX2 regulates MUC2 expression by binding 
to  MUC2  promoter.  
  Wu et al. observed  • CDX2  and  MUC2  expression 
in intestinal metaplasia in the gallbladder. In 
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addition to intestinal metaplasia, CDX2 is 
expressed in a small subset of intracholecystic 
papillary tubular neoplasms with intestinal 
differentiation.  
  It is believed that the transcriptional control of • 
 CDX2  may be altered by abnormal stimula-
tion of in fl ammation.     

   Trefoil Factor Family 1 Protein 

    Trefoil factor family 1 (TFF1) protein is not • 
present in normal gallbladder mucosa, but is 
upregulated in the in fl amed gallbladder epi-
thelium and expressed in large amounts in 
both primary and metastatic GBC.  
  On the other hand, TFF1 expression in primary • 
tumors has been found to decrease with pro-
gression of disease (higher tumor stage and 
higher grade). Furthermore, patients with 
TFF1-positive tumors showed a more favorable 
outcome compared to TFF1-negative tumors.      

   Molecular Carcinogenesis 

   ERK1/2 and PI3K Signaling Pathway 

    The activation of the p-ERK1/2 and PI3K/• 
AKT signaling pathways seems to be involved 
in the initiation and progression of gallbladder 
adenocarcinoma.  
  A strong immunohistochemical expression • 
was detected for p-ERK1/2 and PI3K in 59 
and 51% of GBCs, respectively, compared 
with very low staining in benign lesions and 
peritumoral tissues.  
  The expression of p-ERK1/2 and PI3K also • 
correlated with poor differentiation, larger 
tumor size, and the presence of local invasion 
and lymph node metastasis.     

   c-FLIP and TRIAL 

    c-FLIP was shown to be overexpressed in 74% • 
of GBCs studied and was not expressed in 
normal or adenomatous tissues.  

  Targeted small interfering RNA (siRNA) • 
substantially deregulated the levels of c-FLIP 
mRNA expression and produced signi fi cant 
apoptosis in GBC cells (GBC-SD and SGC-
996) in a TRAIL-dependent fashion.  
  It appears that the expression of c-FLIP is • 
upregulated in GBC and the deregulation of 
c-FLIP sensitizes TRAIL-induced apoptosis, 
providing a different insight and potentially, a 
powerful strategy for the treatment of advanced 
GBC by blocking c-FLIP.     

   Cyclin E 

    Cyclin E is a member of the cyclin family that • 
allows the cell division progress into S phase.  
  Overexpression of cyclin E was detected more • 
in women, and in the GBCs with signs of 
aggressiveness including vascular invasion, 
tumor necrosis, high histological grade, and 
high proliferation index.  
  In addition, the overexpression of cyclin E • 
was also predictive of patient survival.     

   Cyclin D1/p16/Rb Pathway 

    Disruption of the cyclin D1/p16 • INK4 -pRb path-
way is believed to play an important role in the 
progression of GBC.  
  Loss or reduction in p16 and pRb expression • 
has a strong correlation with grade, T stage 
and metastasis as well as the prognosis.  
  Over expression of cyclin D1 is an early event • 
in gallbladder carcinogenesis.      

   Other Genes or Alterations 

   Human Telomerase Reverse 
Transcriptase 

    The shortening of telomeres seems to be • 
speci fi c to cells undergoing neoplastic trans-
formation and progression, not identi fi ed as 
commonly in regenerative or reactive pro-
cesses. It appears to be an early and consistent 
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 fi nding in the development of biliary tract 
carcinomas, found in metaplastic (63%) and 
dysplastic (90%) gallbladder epithelium.  
  Along the same lines, the nuclear expression of • 
human telomerase reverse transcriptase (hTERT) 
in GBC increases progressively with the degree of 
abnormality in the gallbladder epithelium, form 
3% in the normal, to 4% in regenerative, to 25% 
in low grade dysplasia, 82% in high grade dyspla-
sia and  fi nally 93% in adenocarcinomas.     

   DNA Ploidy 

    Aneuploidy is detected in up to half of GBCs • 
and correlate with higher mitotic Index. This 
has been found to be higher, up to 80% in 
those with subserosal invasion.  
  No correlation was observed between DNA • 
ploidy patterns and histological type of cancer 
or other clinical parameters. However, most 
poorly differentiated adenocarcinomas are 
aneuploid.     

   Mitochondrial DNA Mutations 

    Mutations in the mtDNA displacement loop • 
(regulatory region) are relatively frequent and 
early events in the sequential pathogenesis of 
GBC, being detected in seemingly normal epi-
thelia and chronic cholecystitis.  
  The D310 mutations were found in 38% of GBC, • 
57% of dysplasia and in 46% of uninvolved gall-
bladder epithelium adjacent to GBC, showing a 
clonal relationship to the corresponding tumor.  
  In patients without GBC, these alterations • 
were detected in 21% of dysplasia and in 25% 
of injured epithelium in chronic cholecystitis. 
But only 7% of uninjured normal mucosa 
showed abnormality of D310.     

   Vascular Endothelial Growth Factor 

    Vascular endothelial growth factor (VEGF) • 
expression is signi fi cantly higher in GBC than 
in normal tissue (80 vs. 63%).  

  VEGF expression is directly related to the • 
level of wall in fi ltration in GBC and is believed 
to play an important role not only in tumor 
progression but also metastasis.     

   Platelet-Derived Endothelial Cell 
Growth Factor and Thymidine 
Phosphorylase 

    Platelet-derived endothelial cell growth factor • 
and thymidine phosphorylase (PDGF/TP) are 
important molecules in angiogenesis. Part of 
the angiogenic effect of Mucose is believed to 
be through its chemotactic effect on endothe-
lial cells as shown in vitro studies.  
  Immunohistochemical expression of PDGF in • 
GBC was found to be associated with advanced 
disease.  
  Mucose in GBC was also associated with • 
angiogenesis and this expression appeared to 
be an independent prognostic factor.     

   Hypoxia-Inducible Factors 

    Hypoxia-induced factors (HIF), HIF1 • a  and 
HIF2 a , were found to be independently related 
to VEGF overexpression and high microvas-
cular density in GBC.  
  It is of interest that HIF2a was also related to • 
high TP expression.     

   Vascular Endothelial Growth Factor-C 

    Vascular endothelial growth factor-C • 
(VEGF-C) is a lymphangiogenic polypeptide 
that has been shown to be involved in several 
solid human cancers.  
  VEGF-C may play an important role in tumor • 
progression in GBC through lymphangiogen-
esis and lymph node metastasis.  
  In one study, 63% GBCs studied revealed high • 
VEGF-C protein expression by immunohis-
tochemistry, which correlated with the 
involvement of lymphatic vessels, lymph node 
metastasis, and poor prognosis after surgery.     
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   Chloride Intracellular Channel Protein 1 
and Urokinase-type Plasminogen 
Activator Receptor 

    Chloride channels are a diverse group of pro-• 
teins that regulate fundamental cellular pro-
cesses including stabilization of cell 
membrane, transepithelial transport, mainte-
nance of intracellular pH, and regulation of 
cell volume. Chloride intracellular channel 
protein 1 (CLIC1) expression has been shown 
to be signi fi cantly upregulated in highly meta-
static GBC-SD18H cell line compared to the 
less metastasis-prone GBC-SD18L cell line, 
and furthermore, it causes increased cell motil-
ity and invasiveness of the latter. Additionally, 
the knockdown of CLIC1 deregulated cell 
migration and invasiveness of the GBC-
SD18H cells.  
  The levels of urokinase-type plasminogen • 
activator receptor (UPAR) expression in GBC 
tissues correlated signi fi cantly with metasta-
sis, but not with the degree of differentiation 
and size of the tumor.  
  It has been suggested that UPAR expression • 
may serve as a marker of invasive phenotype 
of GBC and may be used for prognostication, 
and even as a target for treatment.     

   Trophinins 

    Trophinins have been found overexpressed in • 
GBC cells.  
  The upregulation of trophinins increased cell • 
invasion in vitro. The increase was associated 
with an increase in proteins found in metasta-
sis, such as alpha3 integrin, MMP7, MMP9, 
and ETS1.      

   Conclusion 

    In the past decade, many of the puzzles of the • 
cancer of the gallbladder have begun to be 
gradually revealed. However, most of the 
information generated is still in its infancy and 
ought to be veri fi ed. The main challenge 

remains is to determine the true signi fi cance 
of each of the molecular/genetic alteration 
identi fi ed and how they  fi t the rest of the puz-
zle, and how they can be translated into reli-
able prognostic and predictive markers or 
targets for therapy.         
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   Lung Tumor Overview    

    The lung is one of the most commonly affected • 
sites of cancer in the body, with involvement 
by a variety of different types of neoplasms   

   Primary lung carcinomas are subdivided into  –
nonsmall cell lung carcinoma (NSCLC) and 
small cell lung carcinoma (SCLC) categories

   NSCLC category includes:    °
   Adenocarcinomas (~45%) °

   These most commonly have mixed  
histologic features, and are catego-
rized according to the dominant pat-
tern (Fig.  5.1 ) 

   Lepidic (formerly bronchioloal- 
veolar) adenocarcinomas contain 
extension of cancer cells, often 
with “hobnail” cytology, along 
alveolar septae, with minimal 
invasion of the lung parenchyma  
  Papillary/micropapillary adeno- 
carcinomas contain frond-like 
growths of cancer cells into alveo-
lar spaces, with (papillary) or 
without (micropapillary) central 
 fi brovascular cores  
  Acinar adenocarcinomas are the  
“classic” pattern, with rounded or 
jagged arrays of cancer cells with 
a central lumen  
  Solid adenocarcinomas contain  
tumor cells in solid sheets or 
detached ribbons, often with areas 
of “signet ring” cytology        
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  Large cell carcinomas (~10%)   
  Squamous cell carcinomas (~20%)      

  NSCLC, not otherwise speci fi ed  °
(10–30%)

   This category includes tumors with  
limited representation on biopsy that 
cannot be clearly de fi ned based on 
morphologic and immunohistochem-
ical grounds     

  Well-differentiated neuroendocrine  °
tumors (<5%)

   Typical carcinoid tumor   
  Atypical carcinoid tumor      

  SCLCs (~15%)      °
  Metastases to the lung are extremely com- –
mon, as the predominant organ to receive 
venous and lymphatic drainage from the 

rest of the body. Solid cancers of all types 
can metastasize to the lung

   Not uncommonly, cancers arising in  °
other sites may present initially with 
lung metastases. Accordingly, evalua-
tion of a new cancer in the lung should 
exclude the possibility of a metastasis 
from another organ     

  Other tumor types including sarcomas and  –
lymphomas may arise in the lung, but will 
not be discussed further here     

  Clinical features• 
   Primary lung cancer is the most common  –
cancer in the USA

   Estimated 220,000 new cases in 2011      °
  ~90% of lung cancer cases are associated  –
with tobacco exposure

  Fig. 5.1    Representative images of lung adenocarcinoma including ( a ) lepidic; ( b ) acinar; ( c ) combined acinar and 
papillary; and ( d ) solid patterns       
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   Lung cancer was uncommon prior to the  °
mass commercialization of tobacco 
products in the late nineteenth century     

  Primary lung cancer is the most lethal can- –
cer in the USA

   Disease-speci fi c mortality rate is ~85%,  °
second only to pancreatic cancer  
  More deaths to lung cancer than the next  °
four most lethal cancers (breast, pros-
tate, colon, pancreas) combined     

  Survival depends heavily on stage –
   Early stage (I–II) disease (ipsilateral  °
lung involvement only, peribronchial, or 
intraparenchymal nodal metastases): 
survival is 30–50% at 5 years  
  Advanced stage (III–IV) disease (con- °
tralateral lung involvement, mediastinal, 
subcarinal, contralateral nodal, and/or 
distant metastases): survival is <10% at 
5 years     

  Clinical presentation can be nonspeci fi c –
   Cough, pleuritic chest pain, dyspnea   °
  Some patients present with symptoms  °
from distant metastases     

  Diagnosis is suspected by signs, symptoms,  –
and radiology

   Areas of consolidation on chest X-ray   °
  Mass lesions or “ground glass opaci- °
ties” by CT scan     

  Diagnosis is con fi rmed by microscopic  –
examination of a lesion

   Patients often present in advanced stage  °
with unresectable disease  
  Small biopsies and cytopathology speci- °
mens are common     

  Treatment –
   Small cell carcinomas: chemotherapy/ °
radiation therapy  
  Nonsmall cell carcinomas °

   Early stage: surgical resection   
  Advanced stage: chemotherapy/radi- 
ation therapy and/or molecular tar-
geted therapy           

  Molecular genetic pathology• 
   Signi fi cant advances have been made in the  –
past decade concerning the molecular 
pathology and clinical applications thereof 
in adenocarcinoma of the lung, which will 

be the primary focus of this section. Data 
are emerging regarding the genetic altera-
tions in squamous cell carcinomas and 
small cell carcinomas, which have not gar-
nered widespread clinical application as of 
September 2012. These will be discussed 
subsequently.        

   Epidermal Growth Factor Receptor-
Mutated Lung Adenocarcinoma 

     • EGFR  (epidermal growth factor receptor) 
gene at 7p12  
  Transmembrane receptor protein with cyto-• 
plasmic tyrosine kinase involved in transduc-
tion of growth factor signaling

   Member of the ERBB family of receptor  –
tyrosine kinases; also known as  HER1  or 
 ERBB1      

  20% of adenocarcinomas have activating • 
somatic mutations in the cytoplasmic tyrosine 
kinase domain of  EGFR  (exons 18–24), lead-
ing to constitutive activation of downstream 
pathways in the absence of growth factor 
receptor binding

   Exon 19 deletions (65%) –
   Variably-sized small in-frame deletions  °
that include at least a four-residue LREA 
motif in codons 746–749     

  p.Leu858Arg (25%) –
   Missense point mutation (L858R) in  °
exon 21     

  Less common mutations (10%) include: –
   A variable point mutation involving gly- °
cine at codon 719  
  Small variable duplication/insertions  °
involving 767–774 in exon 20  
  p.Leu861Gln point mutation (exon 21)   °
  p.Thr790Met point mutation         °

  • EGFR-mutant lung cancers are more common 
in women, nonsmokers, and patients of Asian 
ancestry, although these clinical characteris-
tics are insuf fi cient to use for selecting patients 
for testing or for therapy  
   • EGFR  mutations,  KRAS  mutations, and  ALK  
rearrangements are mutually exclusive, except 
in rare case reports  
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  The mutated  • EGFR  allele is frequently 
ampli fi ed  
  Molecular diagnostics• 

   Indication for testing: therapeutic selection –
   Tumors with the common   ° EGFR  muta-
tions show better response rates and 
progression-free survival when treated 
with  EGFR  tyrosine kinase inhibitors 
(TKIs) ge fi tinib or erlotinib than when 
treated with standard platinum-based 
chemotherapy

   Objective response rate (tumor  
shrinkage by >25%) is ~70–90% in 
patients with  EGFR  mutations treated 
with an EGFR TKI, but only 20–30% 
with chemotherapy  
  Median progression-free survival  
doubles for patients with  EGFR-
 mutant tumors treated with an EGFR 
TKI, as compared to chemotherapy  
     EGFR  mutations do NOT predict 
response to therapeutic antibodies 
directed against the extracellular 

ligand-binding domain of the EGFR 
protein, such as cetuximab     

  Mutations in exon 20 are associated  °
with resistance to EGFR TKIs

   Exon 20 duplications/insertions are  
associated with primary treatment 
resistance  
  Thr790Met point mutation is found  
in approximately 50% of cases with 
acquired (secondary) resistance

   Rare germline Thr790Met muta- 
tions have been seen in families 
with inherited predisposition to 
lung cancer           

  Additional technical considerations –
   PCR Sanger dideoxyterminator sequenc- °
ing is the reference method (Fig.  5.2a ) 

   Sensitivity is limited to samples with  
 ³ 50% malignant cell content

   The utility of Sanger sequencing is  
limited in many samples, including 
small biopsies and cytology samples 
with benign stromal contamination        

  Fig. 5.2       ( a ) Sanger sequencing tracing of EGFR exon 19, 
showing c.2236_2250del (p.Glu746_Ala750del), a com-
mon 15 bp deletion involving the LREA motif. The bound-
aries of the deletion are de fi ned by the point on the tracing 
where two overlapping sequences become detectable in 
the forward and reverse strands ( black arrows ). ( b ) Low 

levels of mutant are readily detected with the addition of 
peptide nucleic acids (PNA). Sanger sequencing tracings 
of EGFR exon 21 showing c.1537T>G (p.Leu858Arg) in 
( A ) a sample containing 50% mutant allele; ( B1 ) 25% 
mutant without PNA; ( B2 ) 25% mutant with PNA; ( C1 ) 
0.5% mutant without PNA; ( C2 ) 0.5% mutant with PNA         
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Fig. 5.2 (continued)

  Enhanced sensitivity using: °
   Mutation enrichment strategies 

   Microdissection prior to analysis 
   Gross dissection is preferred to  °
laser capture microdissection, 
which can be associated with 
false positive errors due to 
ampli fi cation of a small num-
ber of template molecules     

  Selective silencing of wild-type  
sequences

   Restriction digestion of wild- °
type alleles  
  Blocking ampli fi cation with  °
peptide nucleic acid (PNA) or 
locked nucleic acid (LNA) 
probes (Fig.  5.2b )        
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  Allele-speci fi c PCR with/without  
scorpion probes  
  Real-time PCR   
  PCR with electrophoresis for exon  
19 deletions and exon 20 insertions  
  Mutation screening with heterodu- 
plex analysis, DHPLC, or high reso-
lution melting     

  FISH or CISH to assess   ° EGFR  copy 
number is an inappropriate surrogate for 
mutation analysis. Mutant alleles are 
often polysomic or ampli fi ed, but the 
association is not absolute, and  EGFR  
copy number gain does not correlate 
with treatment response or progression-
free survival  
  EGFR immunohistochemistry  °
(Fig.  5.3 ) 

   Leu858Arg mutant-speci fi c antibody  
is sensitive and speci fi c for this point 
mutation  
  Exon 19 deletion mutant-speci fi c  
antibodies are insuf fi ciently sensitive 
due to the variability of the amino 
acid changes at this site and are there-
fore unreliable as a surrogate for 
mutation analysis  
  Antibodies to total EGFR or phos- 
phorylated EGFR are NOT appropri-
ate surrogates for  EGFR  mutation 
analysis in lung cancer              

   Anaplastic Lymphoma Kinase-
Rearranged Lung Adenocarcinoma 

     • ALK  (anaplastic lymphoma kinase) gene at 2p23  
  Transmembrane receptor tyrosine kinase, • 
originally described in anaplastic large cell 
lymphoma

   Member of the insulin receptor superfam- –
ily, but its function is poorly understood  
  Also known as CD246      –

  Approximately 5% of adenocarcinomas of the • 
lung have activation of the ALK kinase by 
chromosomal rearrangements

   Most cases contain an inversion: inv(2) –
(p21p23)

   Amino terminus of   ° EML4  fused to the 
entire cytoplasmic portion of  ALK      

  Other   – ALK  rearrangements have been 
reported

     ° TFG–ALK, KIF5B–ALK   
  t(2;5), associated with   ° NPM–ALK  
fusion, the characteristic  fi nding in ana-
plastic large cell lymphoma, has not 
been reported in lung cancer     

  Patients with   – ALK -rearranged lung cancers 
respond better to treatment with a targeted 
inhibitor of the ALK tyrosine kinase, crizo-
tinib, than to conventional chemotherapy

   Response rate to crizotinib is ~60% in  °
patients with  ALK  rearrangements     

    – ALK  rearrangements are mutually exclu-
sive with  EGFR  mutations and  KRAS  muta-
tions, except for rare case reports  
    – ALK  rearrangements are associated with 
younger age, and are more common in 
males and never or light smokers; ethnic 
associations are less clear. However, clini-
cal variables are inadequate for selection of 
patients for testing or treatment     

  Molecular diagnostics• 
   Test indications: treatment selection   –
  Additional technical considerations –

   FISH is the reference method (Fig.   ° 5.4a ) 
   Split-apart probes to    ALK  enable the 
detection of  EML4–ALK  rearrange-
ments as well as other less common 
 ALK  rearrangements  

  Fig. 5.3    Mutation-speci fi c immunohistochemistry for 
the Leu858Arg-mutated EGFR protein       
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  Fig. 5.4       ( a )  ALK  FISH using  ALK  breakapart probes. The 
separation of the  green  and  red  signals indicates the presence 
of a balanced translocation involving the  ALK  locus and is 
typical of the  EML4-ALK  fusion. Additional copies of the 
fused ( yellow ) signal indicate the presence of polysomy at 
this locus, a common  fi nding both in  ALK -translocated and 
 ALK  wild-type tumors. ( b ) Immunohistochemistry for ALK 

using clone 5A4 in an  ALK -translocated tumor. The ALK 
protein is expressed in the cytoplasmic compartment. 
( c ) Schematic of  EML4-ALK  fusion products, variants 1–5. 
The breakpoints in  EML4  are highly variable. In most cases, 
the  ALK  breakpoint occurs in exon 20, however the break-
point in variant 5 occurs in intron 19. Variant 4b contains an 
11 bp linker between  EML4  and  ALK        
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  A commercial break-apart assay  
(Abbott Vysis) is approved by the 
US FDA for selecting patients to treat 
with crizotinib

   Probes can narrowly be split when  
hybridized to normal (nonrear-
ranged) interphase nuclei, there-
fore careful interpretation is 
required        

  IHC (Fig.   ° 5.4b )
   Standard ALK antibodies used for  
anaplastic lymphoma are insuf fi ciently 
sensitive to distinguish  ALK -
rearranged lung cancer from nonrear-
ranged lung cancer without additional 
signal ampli fi cation strategies  
  Newer monoclonal antibodies (Cell  
Signaling clone D5F3, Novocastra 
clone 5A4) have been shown to cor-
relate well with FISH in small studies     

  RT-PCR (Fig.   ° 5.4c )
   At least 13 molecular variants of  
 EML4–ALK  have been reported 
involving fusion of  EML4  exons 2, 6, 
13, 14, 15, 17, 18, or 20 to  ALK  exon 
20 or intron 19  
  RT-PCR is less practical than FISH  
for routine testing due to the number 
of molecular and chromosomal 
fusion variants and the challenges of 
analyzing RNA from formalin- fi xed 
tissues        

  Resistance to crizotonib is ascribed to sec- –
ondary mutations in the ALK tyrosine 
kinase domain, some of which are analo-
gous to common resistance mutations in 
 EGFR  and  BCR–ABL 

   L1196M confers high-level resistance  °
and is analogous to T315I in  BCR–ABL  
and T790M in  EGFR   
  Other mutations that affect the crizo- °
tonib or ATP-binding sites include 
1151Tins, L1152R, C1156Y, F1174L, 
L1198P, and D1203N  
  Routine testing for these is not yet com- °
monplace, and effective treatments in 
the setting of secondary resistance have 
not yet emerged           

   Kirsten Rat Sarcoma 2 Viral Oncogene 
Homolog-Mutated Lung 
Adenocarcinoma 

     • KRAS  (Kirsten rat sarcoma 2 viral oncogene 
homolog) gene at 12p12  
  A membrane-associated G-protein mutated in • 
many cancer types

   One of the earliest discovered oncogenes      –
  Approximately 30% of lung adenocarcinomas • 
contain  KRAS  mutations

   Variable substitutions in codons 12 and 13  –
(>90%) and 61 (uncommon)  
    – KRAS  mutations,  EGFR  mutations, and 
 ALK  rearrangements are mutually exclu-
sive, except in rare case reports  
    – KRAS  mutations are more common in 
patients with a history of tobacco smoking     

  Molecular diagnostics• 
   Test indications: treatment selection –

     ° KRAS  mutations are not associated with 
any targeted treatment response  
    ° KRAS  mutations are mutually exclusive 
of  EGFR  mutations and  ALK  rearrange-
ments; therefore, the presence of a  KRAS  
mutation in a tumor can be used to 
exclude a patient from more expensive 
and time-consuming testing for  EGFR  
mutations and  ALK  rearrangements

   “Double positive” cases are very  
rare        

  Additional technical considerations –
   PCR with sequencing is the standard  °
technique (Fig.  5.5 ) 

   Essentially all relevant mutations are  
missense substitutions in codon 12, 
13, or 61  
  Several different missense substitu- 
tions can occur within these codons, 
so a targeted sequencing strategy is 
more appealing than hybridization, 
real-time PCR, or allele-speci fi c 
PCR     

    ° KRAS  has very high homology to other 
 RAS  family genes, including  NRAS  and 
 HRAS , which must be taken into account 
when designing a  KRAS  assay           
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   Other Mutations in Lung 
Adenocarcinoma 

   Less Common Oncogenic Mutations 

    Several other genes may play a role in the • 
molecular pathology of lung adenocarcinoma, 
but are less commonly analyzed in clinical 
molecular pathology laboratories, as of 
September 2012  
   • BRAF  mutations

   Seen in ~3% of lung adenocarcinomas,  –
mutually exclusive with  KRAS, EGFR , 
and  ALK   
  Include the p.Val600Glu (V600E) mutation  –
seen in many other tumor types (i.e., mela-
noma, colorectal carcinoma, papillary thy-
roid carcinoma), as well as several other 
mutations that appear to be restricted to 
lung cancer (especially point mutations in 
codons 466 and 469)     

   • ERBB2  insertion mutations in exon 20
   Seen in ~2% of lung adenocarcinomas   –
  Ampli fi cation-mediated   – ERBB2  activation 
typically seen in breast cancer is not com-
mon in lung cancer  
    – ERBB2  mutations are mutually exclusive 
of mutations in  KRAS, EGFR, BRAF , and 
 ALK      

   • PIK3CA  mutations

   Frequently concurrent with mutations in  –
other genes including  EGFR, KRAS, BRAF , 
and  ERBB2   
  Have been described as secondary resis- –
tance mutations in TKI-treated  EGFR -
mutant tumors        

   Tumor Suppressor Gene Mutations 

     • LKB1/STK11  mutations are common, found 
in up to 35% of lung adenocarcinomas, but not 
in squamous cell carcinomas  
   • LKB1/STK11  is commonly inactivated by 
nonsense mutations together with the loss of 
heterozygosity  
  In vitro studies suggest that concurrent • 
 LKB1  and  KRAS  mutations may predict 
response to MEK and mTOR inhibitors in 
lung adenocarcinomas     

   Other Gene Fusions and Ampli fi cations 

     • ROS1  fusions
   Detected by FISH in ~1% of lung carcinomas   –
    – ROS1  is phylogenetically related to  ALK   
  Lung adenocarcinomas harboring   – ROS1  
fusions appear to respond to crizotinib 
therapy, albeit less robustly than tumors 
with  ALK  fusions     

  Fig. 5.5    Sanger sequencing tracings of  KRAS  exon 2 showing a low level of c.35G>A (p.Gly12Asp)       
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   • MET  ampli fi cation/polysomy
   As detected by FISH, is seen in ~25% of  –
patients with  EGFR  mutations who develop 
secondary resistance to EGFR TKIs 
(Fig.  5.6 )   
  In vitro data suggest that MET signaling  –
inhibition can overcome resistance to 
EGFR TKIs, however there is little evi-
dence for ef fi cacy of MET inhibition in 
clinical practice         

   Important Mutations in Other Lung 
Carcinomas 

   Squamous Cell Carcinomas 

    Typically associated with tobacco exposure  • 
  Approximately 20% have  • FGFR1  
ampli fi cation

   Response to targeted inhibitors has been  –
shown in preclinical studies     

  Approximately 5% have an  • FGFR2  mutation
   Six different mutations have been reported,  –
none more frequent than others     

  Approximately 4% have  • DDR2  mutation
   DDR2 is a collagen-binding receptor  –
tyrosine kinase  

  Mutations occur throughout the gene   –
   – DDR2 mutated cancers demonstrate 
response to dasatinib in preclinical studies     

  Approximately 2% have  • PIK3CA  mutation
   Missense substitutions in codons 542, 545,  –
and 1047, as are seen in lung adenocarcino-
mas and in cancers of other organs        

   Small Cell Carcinoma 

    Almost exclusively associated with tobacco • 
exposure  
  Initially responds to radiation and chemother-• 
apy but quickly relapses and is rapidly fatal  
  Most common mutations are in tumor sup-• 
pressor genes:  TP53, RB1 , and  PTEN   
  Recent studies of recurrent disease following • 
TKI therapy have shown that  EGFR -mutant 
adenocarcinomas can recur as small cell carci-
nomas and retain the original  EGFR -activating 
mutation          
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         Introduction 

    Breast cancer is the most common cancer • 
affecting women, with an estimated 250,000 
new cases in 2011 in the US alone and 1.5 mil-
lion worldwide. It is one of the  fi rst major dis-
eases where basic laboratory research has had 
a large impact on the routine clinical manage-
ment of patients, ranging from detection, to 
diagnosis, to therapy. Molecular approaches 
to pathology, in particular, have had an enor-
mous in fl uence, especially in the areas of 
diagnosis and therapeutic decision-making. 
The topic of molecular pathology in breast 
cancer is very large and evolving far too rap-
idly to cover completely in a chapter of this 
nature. This chapter will primarily focus on 
reviewing aspects that are already in routine 
clinical use, some of the more promising 
applications on the near horizon, and scienti fi c 
questions that are currently at the forefront of 
translational research. From an etiological 
point of view, the molecular pathology of 
breast cancer is the result of molecular abnor-
malities occurring in important normal pro-
cesses, including the gross, microscopic, and 
molecular anatomy of the breast, breast devel-
opment, and adult physiology—which is 
where we begin     
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   Normal Characteristics of the Female 
Human Breast 

   Gross, Microscopic, and Molecular 
Anatomy 

    Grossly, the size of the adult female breast • 
varies enormously. On average, it is about 
10–12 cm in diameter, 5–8 cm in thickness, 
and weighs about 700 g. Weight may almost 
double during pregnancy and lactation. 
Pathologists typically divide the breast into 
four quadrants (Q): upper outer (UOQ), upper 
inner (UIQ), lower outer (LOQ), and lower 
inner (LIQ). Other important regions are the 
areola/nipple complex and the lymph nodes in 
axillary tail extending from the UOQ. 
Lymphatic (and vascular) drainage is impor-
tant as the main pathway for breast cancer 
cells to metastasize. Most regions of the breast, 
especially the UOQ and LOQ, drain to the 
axillary nodes, although the LIQ and UIQ also 
drain to a chain of internal mammary nodes 
beneath the sternum and extending upwards  
  Internally, the breast is composed of 15–20 seg-• 
ments or lobes, somewhat analogous to seg-
ments of an orange, but less well de fi ned. Each 
lobe contains thousands of lobules, which are 
small grape-like clusters of glands lined by epi-
thelial cells specialized to produce milk. Small 
ducts that join to form larger ducts that eventu-
ally exit through the nipple, transmitting milk 
to nourish our young, interconnect the lobules. 
All known precursors of breast cancer, also 
referred to as premalignant lesions, develop 
and progress from abnormal cells within the 
ductal system, primarily in the lobules and 
smallest ducts connected to them, referred to as 
the terminal duct lobular unit (TDLU)  
  The entire normal ductal and lobular system is • 
delineated from the mesenchymal stroma 
(“connective tissue”) by a continuous base-
ment membrane (BM) which is an important 
barrier which must be breached for cancer 
cells to invade and metastasize  
  The lumens of the ducts and lobules are gen-• 
erally lined by two distinct layers of cells; an 

outer layer directly on top of the BM referred 
to a myoepithelial cells (MECs), and an 
inner layer directly on top of the MECs 
referred to a luminal epithelial cells 
(LECs)—although LECs also have many 
subtle points of attachment with the BM 
interspersed with the MECs  
  Nearly, all LECs typically express large • 
amounts of keratin proteins, particularly CK8, 
CK18, and CK19. MECs express abundant 
CK5 and CK6, but are generally negative for 
keratins found in LECs, and they do not 
express ER or PR. MECs also typically express 
several other molecules distinct from LECs, 
including smooth muscle actin (SMA), cal-
ponin, S100, p63, CD10, and strati fi n (SFN), 
which appear to be important in certain spe-
cialized normal functions such as contraction 
of duct lumens to expel milk, and to maintain 
normal cell polarity within ducts, which can 
actively suppress the invasion of cancer cells  
  These keratins play an important role in a new • 
molecular classi fi cation of breast cancers—
the so-called intrinsic molecular subtypes, 
which is discussed in more detail later. Brie fl y, 
the most common subtype is referred to as 
“luminal” breast cancers, primarily because 
they have many similarities at the gene expres-
sion level with normal LECs, including these 
keratins. Another important subtype, referred 
to as “basal” breast cancers, expresses kera-
tins normally associated with MECs, which 
historically have been referred to as “basal” 
cells because of their location in ducts and 
lobules. There is a common misconception 
that luminal and basal breast cancers evolve 
from genetically altered LECs and MECs, 
respectively, partly because of molecular sim-
ilarities including keratins—which is probably 
not true, although the “stem” cell origin of all 
breast cancers is far from clear and a topic of 
much debate and research  
  A proportion of LECs (20–30%) also express • 
nuclear estrogen receptors (ER) and proges-
terone receptors (PR). ER and PR are impor-
tant mediators of growth and differentiation 
stimulated by the hormones estrogen and pro-
gesterone. The majority of cancer cells also 
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express these receptors, which may promote 
tumor growth  
  Recent studies have shown that histologically • 
normal appearing breast epithelial cells are 
not always normal at the molecular level, and 
some of these morphologically silent biologi-
cal abnormalities may predispose the cells to 
premalignant or malignant transformation. 
For example, chromosomal gains and losses 
have been observed in normal breast epithe-
lium. Although the overall frequency of imbal-
ances is quite low, it is signi fi cantly higher in 
normal cells adjacent to cancer cells than nor-
mal cells at a distance. Some of these genetic 
defects may be shared with the adjacent can-
cer, although the majority are not and appear 
to be random. Other studies have shown that 
breast tissue, especially in women at high risk 
for breast cancer, may contain patches of his-

tologically normal appearing cells in which 
activity of the p16 tumor suppressor gene is 
suppressed. Compared to adjacent cells with 
normal p16 function, these cells show 
increased proliferation and elevated expres-
sion of cyclooxygenase 2 (COX2), and the lat-
ter appears to be associated with the 
development of many types of cancers. There 
are likely to be many other acquired and inher-
ited molecular abnormalities in otherwise nor-
mal appearing cells (Figs.  6.1  and  6.2 )       

   Breast Development 

    The molecular mechanisms responsible for • 
human breast development are poorly under-
stood because it is extremely dif fi cult to study 
directly. Most of what we know is inferred 

  Fig. 6.1    Anatomy of the adult mature human breast. Correlation between compartments and different distinct patho-
logic processes arising in the breast       
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from animal studies, particularly involving 
genetically engineered mice, where the effect 
of altering speci fi c genes on breast develop-
ment can be directly observed. However, there 
are probably many important parallels in 
breast development among all mammals, and 
studies using mice and other models almost 
certainly reveal molecular mechanisms shared 
with humans. Many normal developmental 
mechanisms play a central role in the develop-
ment and progression of breast cancers. For 
example, cells in the earliest potential precur-
sors of breast cancer, referred to as hyperpla-
sias, demonstrate suppression of molecular 
pathways involved in adult differentiation, and 
reactivation of embryonic pathways, which is 
also true of later stages such as the progres-

sion of ductal carcinoma in situ (DCIS) to 
invasive breast cancer (IBC)  
  Mammary glands are derived from ectodermal • 
buds or ingrowths along mammary lines in the 
embryo. Between 14 and 18 weeks of gesta-
tion, distinct mesenchymal and ductal com-
partments start to develop. By 28 weeks, there 
are two clearly de fi ned cell compartments 
(LECs and MECs). The ductal and lobular 
system continues to develop and mature 
throughout the second half of gestation, as 
well as the areola and nipple. Many genes are 
known to play critical roles in regulating 
development. For example, BCL2, which sup-
presses apoptosis, increases dramatically 
beginning at about 18 weeks, and plays a 
important role in duct formation by inducing 

  Fig. 6.2    Breast histology. Differences between luminal 
epithelial cells (LEC) and myoepithelial cell layer (MEC) 
compartments. GATA 3 is a representative marker of LEC 
in both TDLU and TD. CK14 is a distinctive marker of 
MEC.  Lower : Histological changes associated with lacta-

tion and menopause. During lactation, the acini are closely 
packed, with reduced amount of stroma; secretory mate-
rial in the lumens is seen. With menopause, there is a 
marked reduction of acini and ducts, with replacement by 
fat       
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   Table 6.1    Genes involved in breast development   

 Gene  Disease  Pathway  Clinical features 

  TBX3   Ulnar mammary 
syndrome 

 Linked to FGF pathway  Abnormalities in limbs and 
apocrine glands 
 TBX3 overexpression linked to 
breast carcinomas 

  PTHR1   Blomstrand 
chondrodysplasia 

 Mutation in receptor or parathormone 
(PTH) mediates cross-talk between 
epithelium and mesenchyme in early 
mammary bud 

 Dwar fi sm 
 PTHrP is commonly secreted in 
breast cancers 

  Ectodysplasin   Hypohidrotic 
ectodermal 
dysplasias 

 Development of ectodermal 
appendages 

 X-linked ectodermal dysplasia 
receptor (which binds ectodyspla-
sin) promoter methylation is 
linked to breast cancer 

  Ska  
( neuroregulin 3 ) 

 None known  Affects patterning of mammary 
glands, along the body axes. NRG-3 
is a ligand to EGFR family 

 Upregulated in breast cancer, 
particularly those with HER2 
overexpression 

  WNT   LEF1, the transcriptional mediator of 
WNT signaling at placode stage 

 LEF1−/− embryos placodes 2 and 
3 do not form; the other placodes 
develop into small buds and 
degenerate. 
 Corresponding ducts and nipples 
are missing in newborn 

  Clinical consequences of mutations involving those genes and associated clinical syndromes  

cells in the center of solid cords of primitive 
epithelial cells to die, forming patent lumens. 
Ductal budding and branching depends on 
prolactin which sensitizes cells to the growth 
stimulating effects of insulin. Aldosterone 
promotes differentiation of buds into ducts 
and lobules, forming primitive TDLUs. ER is 
expressed in LECs by third trimester and PR, 
2–3 months after birth. Genetic alterations of 
these regulatory molecules can play important 
roles in the development and progression of 
breast cancer, in general, by promoting 
“embryonic” growth in an inappropriate set-
ting. Other important genes are discussed later 
in the context of what happens to breast devel-
opment when they are altered in transgenic 
and knockout mice (Tables  6.1  and  6.2 )    
  There are no structural or known molecular • 
differences between male and female breasts 
during the postnatal period. At birth, nipple 
ducts  fi nally open onto the surface. Closely 
after birth, prolactin, estrogen, and progester-
one decrease dramatically, resulting in involu-

tion of newborn breast tissue. During this 
time, apocrine and cystic changes become 
prominent, which are also common in post-
menopausal breasts. Between 2 years of age 
and puberty, the breasts are very small, and the 
main constituents are scattered small ducts 
embedded within a dense collagenous stroma. 
Pubertal changes are characterized by greatly 
increased growth of stroma, MECs, and LECs, 
which are prominently caused by increased 
levels of estrogen, although full differentiation 
requires other hormones and growth factors as 
well, including insulin, cortisol, thyroxin, pro-
lactin, and growth hormone. ER is necessary 
for duct elongation, and ER knockout mice 
only develop rudimentary ducts without ter-
minal end buds or alveolar buds. Interestingly, 
these glands are highly resistant to cancer 
development. PR is necessary for duct elonga-
tion and alveolar development, which are 
lacking in PR knockout mice. After menarche, 
prominent cyclical developmental changes 
occur with the menstrual cycle. Early on, 
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   Table 6.2    Animal transgenic models in breast carcinogenesis   

 Gene (KO or 
overexpression)  Pathway  Clinical features 

 BRCA1 KO  BRCA1 and p53  Increased mammary tumor development in BRCA1 KO that was p53 
heterozygous (p53+/−) suggested that BRCA1 loss may induce tumor 
development due to genetic instability causing LOH 
 LOH in p53 was seen in majority of BRCA1 KO mice 

 Er a  OE  ER  Mammary carcinomas with similarities to human breast cancer and 
ER+ phenotype 

 Aromatase OE  Aromatase  Male mice developed gynecomastia, and homozygous mice were 
infertile and developed Leydig testicular cancers 
 Females developed ductal hyperplasias and dysplasia. However, no 
mammary tumors were seen 
 Mice exhibited increased ERa and ERb levels, as well as PR, cyclin 
D1, and cyclin E levels (cyclin D1 overexpression correlates with ER+ 
phenotype in human cancers) 
 DMBA treated mice with AO developed mammary tumors, whereas 
WT only showed hyperplasia. Letrozole effectively inhibited dysplastic 
growth in MMTV-aromatase mice 

 TGFa/HER2     TGFa and HER2  Double transgenic mice developed signi fi cantly less breast tumors than 
parental lines. Double transgenic mice with HER2 aromatase overex-
pression show less hyperplasias 

 ERa KO  ER  Mammary glands resembled prepubertal wild-type mice. ERa KO 
mammary epithelium underwent ductal morphogenesis when trans-
planted to wild-type mice. Transgenic mice with MMTV-aromatase/
ERa KO did not develop hyperplastic growth and exhibited morphol-
ogy similar to ERa KO mice. ERa mediated growth of the mammary 
duct network is a prerequisite for aromatase induced changes within the 
transgenic mammary gland 

 WNT  WNT  Mice developed ductal hyperplasias early in life and mammary 
adenocarcinomas in most animals by 1 year of age. MMTV-wnt/ERa 
KO−/− exhibited stunted growth similar to parental ERa KO mice 

 PELP-1  Coactivator of ER, PR, 
AR. Mediates G1-S 
transition. Aromatase 
pathway 

 MMTV-PELP1 developed mammary tumors in over 40% of cases. 
Tumors show ER and aromatase expression. Human breast cancers 
commonly show PELP1 overexpression and are associated with poor 
response to tamoxifen 

 AIB1 KO/OE  Binds to steroid 
receptors and 
transcription factors 

 AIB-1 levels have been correlated with poor prognosis in breast cancer. 
Coinduction of AIB1 and HER2 was associated with decreased DFS 
and tamoxifen resistance. AIB1 KO resulted in decreased oncogenesis 
with decreased HRAS, HER2, and IGF1 expression. MMTV-AIB1 
resulted in tumor development in 48% of mice. The carcinogenic 
potential was abrogated in double transgenic mice with MMTV-AIB1 
ERa KO (ER is important in the AIB1 pathway). Induction of IGF1 
signaling in the mammary gland is typical of the AIB1 transgenic 
model. Treatment with the mTOR inhibitor RAD001 resulted in block 
of hyperplasia and atypia in the AIB1 transgenic model 

 CSF1  CSF1  The macrophage colony-stimulating factor, CSF1, is commonly 
elevated in breast cancer. CSF1 op/op is de fi cient in lactation and 
develops osteopetrosis. Cross-linked species of MMTV-PYMT CSF op/
op showed less progression of disease and lung metastases compared to 
the parental strain of MMTV-PYMT 
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TDLUs develop more alveoli with each suc-
cessive cycle. From menarche on, the mam-
mary gland is fully anatomically and 
functionally developed to support pregnancy 
and lactation  
  During pregnancy, proliferation    of essentially • 
all types of cells, especially LECs, dramati-
cally increases, mediated by increasing levels 
of estrogen, progesterone, ER, and PR. After 
delivery circulating ER and PR decrease to 
low levels, in preparation for lactation. Once 
lactation begins, cell proliferation ceases as 
the cells terminally differentiate to produce 
milk. When lactation ceases, secretory LECs 
undergo apoptosis, alveoli collapse, and the 
mammary gland involutes back to the non-
pregnant condition, although the ductal system 
postpregnancy retains a somewhat more com-
plex ductal framework than prior to pregnancy. 
In the adult female breast, there is a relatively 
large reserve of normal stem cells which sup-
port the dynamic changes in growth and dif-
ferentiation associated with menstrual cycling, 
pregnancy, and lactation. Presumably, various 
genetic alterations of normal stem cells may 
give rise to precancerous or cancer-stem cells, 
which eventually grow uncontrollably. 
However, there are probably other sources of 
cancer-stem cells, including dedifferentiation 
of mature LECs due to speci fi c mutations  
  After menopause, both lobules and ducts are • 
decreased in number. Intralobular stroma is 
replaced by collagen and the breast stroma 
undergoes replacement by fat (Fig.  6.3 )       

   Molecular Biomarkers in Routine 
Clinical Practice 

   Estrogen Receptor and Progesterone 
Receptor: Molecular and Clinical 
Aspects 

    The measurement of ER and PR has become a • 
standard of practice in the evaluation of 
patients with primary breast cancer. The mea-
surements can be performed accurately on 
formalin- fi xed paraf fi n-embedded (FFPE) tis-

sue by using immunohistochemistry (IHC) 
and the results have good correlation with 
those of biochemical testing  
  The ER is the paradigm tumor marker for • 
management of patients with cancer. It dates 
back to at least 1896 when G Batson reported 
regression of advanced breast cancer in women 
who underwent oophorectomy  
  ER controls essential developmental and • 
physiological processes. It interacts with the 
receptor as estradiol, regulates growth and dif-
ferentiation, and helps maintain homeostasis. 
Studies have shown that dysregulation of ER 
and PR during development are important in 
carcinogenesis  
  The effects and actions of estradiol are medi-• 
ated through interaction with two nuclear 
receptor proteins, ER a  and ER b , located in 
chromosomes 6q and 14q, respectively, which 
are encoded by two separate genes  ESR1  and 
 ESR2 , respectively. Both, ER a  and ER b  show 
substantial homology in the DNA binding 
domain     . Role of ER b  in breast cancer has not 
yet been determined. Hereafter, ER a  will sim-
ply be referred to as ER  
  The “classical” function of ER involves bind-• 
ing of 17 b estradiol to ER located in the cell 
nucleus. This induces receptor dimerization, 
which binds to estrogen response elements 
(EREs) on many other genes, which are then 
indirectly regulated by estrogen and ER a   
  ERE activated genes perform many important • 
functions, including inhibition of apoptosis 
and stimulation of the cell cycle. There is cross 
talk with other mitogenic pathways (ras, raf, 
cyclin D1)  
  Activation of estrogen target genes is accom-• 
plished through direct hormonal binding with 
the ER. This recruits protein regulators known 
as coactivators and repressors. Coregulators 
are responsible for chromatin remodeling to 
facilitate binding of RNA-polymerase. Histone 
acetylation, through acetyl transferases, cor-
relates with a more actively transcribed state 
of chromatin regulation, whereas methylation 
favors more tightly coiled chromatin, which is 
less accessible to transcription and less gene 
expression  
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  Fig. 6.3    Morphological stages in the embryonic develop-
ment of the mammary gland in the mice: Around embry-
onic day 10 (E10) of mouse development, the milk line 
( orange ) is de fi ned by a slight thickening and strati fi cation 
of the ectoderm ( gray ) as depicted here in this series of 
cross sections through the trunk. On E11.5, the milk line 
breaks up into individual placodes ( orange ) and the under-
lying mammary mesenchyme ( blue ) starts to condense. 
Over the following days, the placodes sink deeper into the 
dermis and the mammary mesenchyme becomes orga-
nized in concentric layers around the mammary bud 
( orange ). Starting on E15.5, the mammary epithelium 
( orange ) starts to proliferate at the tip and the primary 
sprouts pushes through the mammary mesenchyme 
towards the fat pad ( green ). On E18.5, the elongating duct 
has grown into the fat pad and has branched into a small 
ductal system. The cells of the mammary mesenchyme 
have formed the nipple, which is made of specialized 

 epidermal cells ( purple ).  Lower : The schematic diagram 
shows the position of the milk line, placodes, and mam-
mary buds along the lateral body wall of early mouse 
embryos. Secreted molecules, receptors, and transcription 
factors that are important at the different stages are listed 
in the table below. At the mammary bud stage, proteins 
that are expressed in the epithelium and in the mesen-
chyme are listed separately.  BMP  bone morphogenic pro-
tein;  ERBB  erythroblastic leukemia viral oncogene 
homologue;  FGF   fi broblast growth factor;  FGFR1  
 fi broblast growth factor receptor;  GLI  Gli-Kruppel family 
member;  IGF  insulin growth factor;  IGFR  insulin growth 
factor receptor;  LEF  lymphoid enhancer-binding protein; 
 MSX  muscle segmentation homeobox;  NRG  neuroregulin; 
 PTHLH  parathyroid hormone-like hormone;  PTHR1  para-
thyroid hormone receptor;  TBX  T-box;  WNT  wingless-re-
lated MMTV integration site. (Reprinted with permission 
of Nature publishing group)       

 



1036 Molecular Pathology of Breast Cancer

  ER status is highly predictive of clinical • 
bene fi t from endocrine therapy in both adju-
vant and metastatic disease settings. 
ER-positive tumors are more likely to respond 
to hormonal therapy, and have a better prog-
nosis, when compared to ER− tumors

   Harvey et al. showed in a cohort of 1,982  –
patients, using ligand binding assays (LBA) 
>3 fmol/mg and, retrospectively IHC 
(Allred Score >2 or 1–10% weakly positive 
cells), showed IHC to be a stronger predic-
tor of disease-free survival (DFS) in 
patients receiving endocrine therapy when 
compared to LBA  
  Elledge et al., in a cohort of 205 patients,  –
showed signi fi cant correlation of IHC ER 
and clinical response in patients with 
advanced metastatic disease (ER negative 
25%, intermediate 46%, and high 66%)     

  Accurate measurements of ER are of consider-• 
able importance, because it represents one of 
the strongest predictive factors of responsive-
ness to endocrine management. In some cases, 
endocrine therapy alone is an option, without 
additional cytotoxic therapy. About 70–80% 
of breast cancers are ER-positive and 20–30% 
are ER-negative. Only 70% of ER-positive 
tumors show clinical response to estrogen 
manipulation, but measuring ER expression 
alone is insuf fi cient to distinguish responders 
from nonresponders. A signi fi cant fraction of 
patients with ER-positive disease eventually 
develop resistance to endocrine therapy  
  Clinical progression of the ER-positive breast • 
cancer typically correlates with hormone 
resistance. Loss of response and decreased ER 
expression are associated with a more aggres-
sive clinical course. Epigenetic alterations of 
the ER promoter, including methylation of 
 ESR1  gene, are thought to be important events 
in the development of ER-negative breast 
cancers  
  In the last decade, prospective randomized • 
clinical trials have shown the superiority of 
aromatase inhibitors over tamoxifen in post-
menopausal receptor-positive women  
  Tamoxifen is a partial agonist (both antagonis-• 
tic and agonistic effects) of the ER receptor, 

and induces dimerization and nuclear translo-
cation and is designated as a selective ER 
modulator (SERM)  
  Fulvestrant directly binds to ER monomers, • 
inhibits dimerization, and suppresses activa-
tion, thereby functioning as a pure antiestro-
gen. Its bene fi ts have been demonstrated in the 
metastatic setting, and ongoing trials are 
underway in the adjuvant setting  
  Anastrozole, letrozole, and exemestane are • 
aromatase inhibitors (AI) which block the con-
version of adrenally produced precursor com-
pounds to estrogenic molecules. Recent trials 
also showed the bene fi ts of estrogen depriva-
tion persist for many years even after comple-
tion of the initial hormonal therapy in reducing 
both unilateral and contralateral breast cancers  
  Recently, the Women’s health Initiative • 
Estrogen-Alone trial, analyzed, prospectively, 
the use of equine-conjugated estrogen (CEE) 
among patients with prior hysterectomy. The 
trial was stopped earlier and showed a 
decreased risk of breast cancer in the treat-
ment group  
  Progesterone has an essential role in regulat-• 
ing breast maturation. A clear role in carcino-
genesis has been shown in animal models, 
particularly in respect to induction, mainte-
nance, and progression of the neoplastic phe-
notype. An increased risk of breast cancer is 
documented in long-term users of progestin-
only containing hormone-replacement therapy 
(HRT) regimens  
  ER is important for regulating PR expression. • 
Colocalization studies show that PR express-
ing cells also express ER. In fact, PR expres-
sion is regarded as a marker of an intact ER 
axis. However, discrepancies exist: the rela-
tive risk of disease recurrence is higher in 
patients with ER+/PR– cancers, compared to 
ER+/PR+ tumors  
  About 60% of breast cancers express PR. This • 
expression is regarded as a marker of intact 
ER function. PR receptor is also nuclear. 
Progesterone effects are mediated through the 
intracellular proteins PRA and PRB. Both are 
coded from the same gene using two distinct 
translation initiation sites  
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  Expression of PR in breast cancer is also • 
associated with higher responsiveness to endo-
crine therapy. The majority of HER2-positive 
cancers are PR-negative, suggesting that 
nuclear ER a  may be nonfunctional in these 
cases. However, membrane ER appears to 
remain functional and promotes tumor cell 
proliferation in cooperation with overex-
pressed  HER2 . In this setting, tamoxifen (as a 
partial agonist) may theoretically help induce 
cell proliferation. In this setting, AI will 
remain bene fi cial. A role for highly quantita-
tive assessment of PR might be helpful in 
more precisely predicting response in patients 
with ER-positive/HER2-positive tumors  
  Most testing for ER and PR today is done • 
using IHC. However, errors have been prob-
lematical when using IHC. For example, the 
United Kingdom National External Quality 
Assessment Service (UK NEQAS) evaluated 
the frequency of hormone-receptor-positive 
cancers in more than 7,000 patients, highlight-
ing signi fi cant variation in ER and PR positiv-
ity rates. Similar results were obtained by the 
Royal College of Pathologists of Australasia 
( n  = 8,000 patients). Approximately one-third 
of 1,023 ER tests performed on patients, in 
Canada, between 1997 and 2005 were scored 
falsely negative, which was revealed by retest-
ing in an expert central laboratory in Ontario. 
More than 100 of these patients have since 
died and a class action lawsuit ensued claim-
ing negligence in ER testing and failure to 
provide Tamoxifen to these patients. 
Investigation into the matter identi fi ed many 
causes of false negative IHC results, includ-
ing: poor sample  fi xation, improper staining 
procedures, and improper interpretation:

   The International Breast Cancer Study  –
Group (IBCSG) conducted a series of stud-
ies comparing chemo and endocrine treat-
ment to endocrine treatment alone in years 
before the establishment of IHC testing: 
Most studies of ER testing used LBA or 
ELISA. They compared with results 
obtained after the primary tumor blocks 
were collected and reanalyzed in a single 
central lab using IHC. Discordant ER 

results between institutional and central 
results were 16% (ER+) and 24% (ER−) 
for specimens from premenopausal women, 
and 9% (ER+) and 24% (ER−) from post-
menopausal women. Overall concordance 
rate was 82 and 88% for pre- and post-
menopausal women, respectively  
  In the ECOG 2197 trial, 11% of local  –
ER− tests were scored positive on central 
testing, with an overall concordance rate 
of 90%  
  In the ALTTO trial (5,000 patients from  –
countries worldwide), so far, 4.3% of 
tumors that tested ER+ in local laboratories 
were found to be negative (false-positive) 
on central review. More than 20% of tumors 
exhibited at least some expression of ER 
(false-negative) on central review        

   Guidelines for Estrogen Receptor 
and Progesterone Receptor Testing 
by Immunohistochemistry 

    In an effort to improve the quality of testing • 
for ER and PR by IHC, the American Society 
of Oncologists (ASCO) and College of 
American Pathologists (CAP) jointly devel-
oped and recently published guidelines for 
pathologists to follow (Fig.  6.4  and  6.5 ). 
Compliance with the guidelines is now man-
datory for laboratories in the US to receive 
CAP accreditation    
  Immunohistochemistry on FFPE tissue • 
replaced LBAs for testing in the late 1980s. 
Harvey et al. compared the predictive abilities 
of LBA and IHC using the 6F11 antibody in a 
large cohort of patients with newly diagnosed 
breast cancer. This cohort received a variety of 
types of adjuvant therapy that ranged from 
none to endocrine alone, chemotherapy alone, 
or a combination of the above. Receptor status 
was scored as the sum of the proportion and 
average intensity scores of positive staining 
tumor cells (Allred Score on a scale ranging 
from 0 to 8). On the basis of clinical outcome 
in patients with adjuvant endocrine      therapy, 
patients with Allred Score >3 (corresponding 
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  Fig. 6.4    Algorithm for scoring biomarkers (ER, PR) 
according to recent ASCO guidelines. Allred Score. A 
combination of number of cells (Proportion Score) and 

intensity of staining (Intensity Score) is used. (Adapted 
from Allred et al.)       

  Fig. 6.5    Schematic example of ER interpretation       
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to as few as 1–10% positive cells) had a sub-
stantially and statistically signi fi cant better 
prognosis than patients with scores less than 3 
(<1% positive cells). The predictive ability of 
IHC was superior to LBA previously per-
formed in the same tumors  
  There is no gold standard available for IHC • 
assays of ER and PR. A relevant standard 
would be any assay whose speci fi c preanalytic 
and analytic components conformed to assays 
whose results have been validated against 
clinical bene fi t from endocrine therapy (clini-
cal validation). Several assays meet this crite-
ria such as the methods described in the 
publication by Harvey et al. and Mohsin et al., 
the FDA 510(k)-cleared ER/PR pharmDx 
assay kit (Dako, Glostrup, Denmark)  
  ER status can also be determined at the RNA • 
level. The Oncotype DX ®  Assay measures 
RNA expression of 21 genes to determine a 
recurrence score (RS). ER and PR are among 
the most prevalent genes in the signature. 
Comparison between measures of the ER/PR 
protein by IHC and of mRNA by RT-PCR 
showed a discordance rate of 9% and 12%, 
respectively. There are no published correla-
tions of the individual measures of ER and PR 
mRNA from the 21-gene signature with the 
clinical outcome  
  A laboratory that performs ER testing should • 
validate its proposed or existing assay against 
one of the clinically validated assays and dem-
onstrate acceptable concordance. To be con-
sidered acceptable, the results of the assay 
must be initially 90% concordant with those 
of the clinically validated assay for the 
ER-positive and PR-positive categories, and 
95% concordant for the ER-negative or 
PR-negative categories  
  The cutoff from distinguishing a “positive” • 
from “negative” cases should be  ³ 1% ER+ 
positive    tumor cells. Patients whose breast 
tumors show at least 1% ER+ cells are candi-
dates for endocrine therapy and those with 
less are not. Percentage of stained tumor cells 
provides valuable predictive and prognostic 
information to inform treatment strategies  

  Eight studies described the relationship • 
between hormone-receptor levels and patient 
outcomes. Overall survival, DFS, recurrence/
relapse-free survival, 5-year survival, time to 
treatment failure, response to endocrine ther-
apy, and time to recurrence were positively 
related to ER levels  
  PR status provides additional predictive value • 
independent of ER values, especially among 
premenopausal women. Its predictive value 
has been demonstrated in retrospective studies 
using 1% as cutoff point. Among patients who 
received adjuvant endocrine therapy, the best 
cutoff for both DFS ( P  = 0.0021) and OS 
( P  = 0.0014) was a total PR Allred Score >2, 
which corresponds to greater than 1% of car-
cinoma cells exhibiting weakly positive stain-
ing. In patients with metastatic breast cancer 
who received  fi rst-line endocrine therapy on 
relapse, a correlation with PR status and 
response to endocrine therapy was found at a 
1% staining threshold ( P  = 0.044) or response 
to tamoxifen at 10% ( P  = 0.021). Patients with 
carcinomas >1% PR staining had a better sur-
vival after relapse ( P  = 0.0008)  
  Reporting results for ER, PR, and HER2: The • 
percentage and proportion of tumor cells stain-
ing positively should be recorded and reported. 
All tumor areas of the tissue section on the 
slide should be evaluated. This can be achieved 
manually by counting cells or through image 
analysis  
  The intensity of the staining should be • 
recorded and reported as weak, moderate, or 
strong. This measurement should represent an 
estimate of the average staining of the inten-
sity of the positively stained tumor cells on the 
entire section relative to the intensity of the 
positive controls run on the same batch. A cut-
off of a minimum of 1% of the tumor cells 
positive for ER/PR for a specimen is consid-
ered to be positive. The term equivocal must 
not be used  
  Less than 1% of the tumor cells positive for • 
ER/PR for a specimen is considered to be neg-
ative. Such patients do not receive meaningful 
bene fi t from endocrine therapy  
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  Any specimen lacking intrinsic elements • 
(normal breast epithelium) that is negative on 
ER and/or PR assay should be repeated using 
another tumor block or another specimen, and 
reported as not interpretable rather than as 
negative  
  “Not interpretable” receptor results refer to • 
samples that did not conform to preanalytic 
speci fi cations of the guidelines, were pro-
cessed using procedures that did not conform 
to guideline speci fi cations of the lab operating 
procedures, or the assay used to analyze the 
specimen was not validated and controlled as 
speci fi c in the guideline. Examples of circum-
stances leading to not interpretable results 
include testing of needle biopsies or cytology 
samples  fi xed in alcohol, use of  fi xatives other 
than 10% NBF, biopsies  fi xed for intervals 
shorter than 6 h or longer than 72 h, samples 
where  fi xation was delayed more than 1 h, 
samples with prior decalci fi cation, and sam-
ples without internal or external controls  
  Negative ER and PR interpretations in tumors • 
that characteristically have an ER+ phenotype 
(e.g., lobular, tubular, and mucinous carcino-
mas) should be con fi rmed by retesting  
  ER and PR should be documented in all newly • 
diagnosed breast cancers. Recurrences should 
also always be tested to exclude prior false 
negatives, and to document changes in bio-
logic behavior. In the routine practice, DCIS 
is also commonly tested for ER and PR based 
on the NSABP-24 clinical trials. The trial 
compared placebo versus tamoxifen after 
lumpectomy and radiation. There was a 
signi fi cant reduction (40–50%) in subsequent 
breast cancer (ipsilateral and contralateral) 
restricted to patients with DCIS ER+ at 10 
years followup     

   Human Epidermal Growth Factor 
Receptor 2 Gene: Molecular 
and Clinical Aspects 

    The human epidermal growth factor receptor 2 • 
gene, more commonly referred to as  HER2 , is 
ampli fi ed in 15–25% of human breast cancers. 

 HER2  ampli fi cation and overexpression are 
highly correlated, which are signi fi cantly 
 associated with aggressive disease (i.e., poor 
prognostic factors), and are the molecular tar-
gets for speci fi c therapies, such as trastuzumab  
   • HER2  is a protooncogene located on chromo-
some 17. It encodes a tyrosine–kinase recep-
tor residing in the surface membrane of breast 
epithelial cells. It forms complexes with simi-
lar proteins (erbB1, erbB3, and erbB4) and 
acts as receptors for several ligands, such as 
EGF, heregulin, and amphiregulin. It regulates 
many normal cell functions, including prolif-
eration, survival, and apoptosis  
  The overall relationship between HER2 and • 
clinical outcome is complex and varies with 
the clinical setting. A weak but signi fi cant 
association between poor outcome and a posi-
tive HER2 (overexpression or ampli fi cation) 
in patients receiving no additional therapy 
after initial surgery is seen. But this only rep-
resents a small fraction of patients today. The 
majority of patients typically receive some 
form of adjuvant treatment. Some studies have 
shown that HER2+ breast cancers are resistant 
to certain types of cytotoxic chemotherapy 
(e.g., the combination of cyclophosphamide, 
methotrexate, and 5- fl uorouracil) but sensitive 
to others (e.g., anthracyclines and taxanes). In 
general, it is accepted that HER2+ cancers 
appear to be associated with relative, but no 
absolute, resistance to endocrine therapies in 
general. However, this issue remains very con-
troversial. The most promising and useful 
 fi ndings are based on recent studies showing 
that HER2+ cancers respond favorably to new 
antibody-based therapies, targeting speci fi cally 
the HER2 protein, such as trastuzumab. 
Although this therapy was originally demon-
strated effective in patients with metastatic 
disease, more recent clinical trials have shown 
signi fi cant bene fi ts in the adjuvant setting for 
patients with less advanced disease. The 
NSABP-B31 clinical trial, which randomized 
patients with HER2+ cancer to adjuvant che-
motherapy +/− trastuzumab, showed a 52% 
improvement in disease-free survival with the 
monoclonal antibody  



108 A.A. Gru and D.C. Allred

  A long and persistent controversy in the • 
evaluation of the HER2 status by protein 
expression through IHC, or gene ampli fi cation 
by FISH exists. However, many studies have 
shown that, when properly performed, a very 
strong correlation between the two methods 
exists, and they are equivalent and compli-
mentary in the clinical practice

   Owens et al. observed a similar frequency  –
of HER2 ampli fi ed cases by IHC (20%) 
among 116,736 specimens and FISH (22%) 
among 6,556 specimens  
  Most clinical trials using trastuzumab  –
enroll patients with IHC positive, or re fl ex 
FISH positive, or ISH alone     

  In general, approximately 70% of breast can-• 
cers show little or no protein overexpression, a 
normal gene copy number, and do not respond 
to trastuzumab. Roughly 15% show low to 
intermediate levels of protein expression, and 
the gene is ampli fi ed in nearly a third of those 
cases. There is still uncertainty of how well 
these patients respond to the drug. The remain-
ing 15% of cases show very strong membrane 
staining, indicating high levels of protein 
expression and the gene is nearly always 
ampli fi ed. This is the population who shows 
best response to trastuzumab     

   Guidelines for HER2 Testing 
in Breast Cancer 

    ASCO and the CAP jointly developed and • 
published guidelines to improve the quality of 
HER2 testing (Fig.  6.6 )   
  A positive HER2 test is de fi ned as a result of • 
3+ surface protein expression (formed as uni-
form intense membrane staining of >30% of 
invasive tumor cells) or FISH result of 
ampli fi ed  HER2  gene copy number (average 
of >6 copies/nucleus for test systems without 
internal control probe) or  HER2/CEP17  ratio 
of more than 2.2, where CEP17 is a centro-
meric probe for chromosome 17 on which the 
HER2 gene resides  
  Originally, FISH testing results were reported • 
as either positive or negative, but an interme-

diate range (referred as equivocal range) has 
since been described and its clinical 
signi fi cance remains unclear. Much of the 
confusion using this term comes from the 
need to de fi ne the need for trastuzumab treat-
ment. There is also signi fi cant variation in the 
intermediate (equivocal) ranges for both the 
IHC and FISH assays. The equivocal range for 
IHC consists of samples scored 2+, which 
includes up to 15% of samples. An equivocal 
result (2+) is complete membrane staining 
that is either nonuniform or weak in intensity 
but with obvious circumferential distribution 
in at least 10% of cells. Some, but not all of 
these samples may have  HER2  gene 
ampli fi cation and require additional testing to 
de fi ne the true HER2 status. The equivocal 
range for FISH assays is de fi ned as  HER2/
CEP17  ratios from 1.8 to 2.2 or average gene 
copy numbers between 4.0 and 6.0 for sys-
tems without an internal control probe. About 
3% of patients have ratios of 2.0–2.2 and were 
previously included in treatment arms with 
trastuzumab. Polysomy 17 is a vague term, 
seen in up to 8% of tumors. If polysomy 17 is 
de fi ned as three or more copies of CEP17, 
most are not associated with protein or mRNA 
overexpression  
  Discordant results (IHC3+/FISH– or IHC<3+/• 
FISH+) have been documented in approxi-
mately 4% of cases. The signi fi cance of this is 
unclear. Equivocal results of a single test 
require additional action, which should be 
speci fi ed in the report. Equivocal results by 
IHC should follow con fi rmatory FISH analy-
sis. Counting additional cells or repeating the 
test con fi rms equivocal FISH results. If the 
results remain equivocal, con fi rmatory IHC is 
recommended  
  A negative HER2 test is de fi ned as either an • 
IHC result of 0 or 1+ for cellular membrane 
protein expression (no staining or weak, 
incomplete membrane staining in any propor-
tion of tumor cells), or a FISH result showing 
 HER2/CEP17  ratio of less than 1.8 or an aver-
age of fewer than four copies of  HER2  gene 
per nucleus for systems without an internal 
control probe  
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  The ASCO/CAP guidelines establish that, in • 
order to classify a test as positive or negative, 
the laboratory must have performed concor-
dance testing with a validated FISH assay and 
con fi rmed that only 5% or less of samples 
classi fi ed as either + or − disagree with the 
validated assay on an ongoing basis. Equivocal 
cases are not expected to be 95% concordant, 
but rather subjected to a con fi rmatory test      

   Recent Advances in the Molecular 
Pathology of Breast Cancer of Clinical 
Signi fi cance 

   Multigene Prognostic Indices 

    Oncotype DX • ®  is a prognostic test measuring 
the RNA expression of 21 genes, which pro-
vides a recurrence score (RS; range 0–100) 
using FFPE tumor samples. The genes include 
proliferation markers ( Ki67, survivin, cyclin 

D1 ), invasion-related ( MMP11, cathepsin ), 
 HER2 , ER, PR, and others ( GSTM1, CD68, 
BCL2 ), as well as  fi ve housekeeping genes 
used to normalize expression overall. The RS 
quanti fi es the likelihood of disease recurrence 
based on studies in women with early stage 
hormone estrogen receptor (ER) positive only 
breast cancer, and assesses the likely bene fi t 
from certain types of chemotherapy. Scores 
are reported as: low (<18), intermediate (18–
31), or high (>31) relative to risk of recur-
rence. Typically, patients in the high risk 
receive chemotherapy and those in the low 
risk do not. Studies have demonstrated that 
treatment is modi fi ed in 31% of patients who 
are tested by Oncotype DX ® , including omis-
sion of presumed unnecessary chemotherapy 
in 22%. Based on these  fi ndings, it is esti-
mated that the cost of gene expression against 
the relative costs of ER, PR, and HER2 are 
likely to result in an overall cost saving, as 
well as reduced toxicity and quality of life 

  Fig. 6.6    Algorithm for scoring HER2 according to recent ASCO guidelines       
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 improvements for patients. Recently, the test 
has also shown similar prognostic and predic-
tive signi fi cance in women with receptor-pos-
itive node-positive received adjuvant treatment 
with the aromatase inhibitor anastrozole, and 
in cancer patients receiving neoadjuvant hor-
monal therapy and chemotherapy. There is an 
important ongoing phase III clinical trial, 
referred to as the TAILORx study, designed to 
help optimize the use of adjuvant endocrine 
and chemotherapy in patients with receptor-
positive breast cancer. Based on their recur-
rence score, women will be assigned to three 
different treatment groups: women with a 
recurrence score higher than 25 will receive 
chemotherapy plus hormonal therapy (the 
standard of care); women with a recurrence 
score lower than 11 will receive hormonal 
therapy alone; and women with a recurrence 
score of 11–25 will be randomly assigned to 
receive adjuvant hormonal therapy, with or 
without chemotherapy. The study is primarily 
designed to evaluate the effect of chemother-
apy on those with a recurrence score of 11–25. 
Because the degree    of bene fi t of chemother-
apy for women with recurrence scores between 
11 and 25 is uncertain, strong preliminary evi-
dence suggests that may only require endo-
crine therapy, which would be an important 
bene fi t  
  The Mammaprint • ® : 70-gene prognostic index 
was validated as clinically useful in studies of 
younger women with node-negative breast 
cancer by classifying them into low risk and 
high risk    for disease recurrence. It requires 
frozen tumor samples. Genes involved in the 
regulation of cell cycle, invasion, and angio-
genesis heavily weight it. Genes of interest 
do not include known prognostic markers 
such as ER, PR, and HER2. High risk patients 
are most likely to bene fi t from cytotoxic che-
motherapy. In contrast, the low risk group 
typically responds very well to endocrine 
therapy without chemotherapy. The prospec-
tive validation of the MammaPrint ®  signa-
ture’s prognostic value is currently ongoing 
through the Microarray in Node-Negative 
Disease May Avoid Chemotherapy 

(MINDACT) trial. This trial opened in 
February 2007 as has enrolled over 6,000 
patients from  fi ve European countries. It 
assesses all patients by the standard clinico-
pathologic prognostic factors included in 
adjuvant setting and by the 70-gene signature 
assay. If both traditional and molecular assays 
predict a high risk status, the patient receives 
adjuvant cytotoxic chemotherapy and also 
hormonal therapy if ER positive. If both 
assays indicate a low risk, no chemotherapy 
is given and ER-positive patients are given 
adjuvant hormonal therapy only. When there 
is discordance between the traditional clini-
copathologic prognostic factor prediction of 
risk and the 70-gene signature prediction of 
risk, the patients are randomized to receive 
treatment based on either the genomic or the 
clinical prediction results. The primary goal 
of the study is to con fi rm that breast cancer 
patients with a “low risk” molecular progno-
sis by MammaPrint ®  and “high risk” clinical 
prognosis can be safely spared chemotherapy 
without affecting distant metastases-free sur-
vival (DMFS)  
  PAM50 assay: was developed to ef fi ciently • 
determine intrinsic molecular subtypes based 
on evaluating 50 carefully selected genes 
using next generation sequencing and FFPE 
tissue samples. It is currently performed in a 
commercial reference laboratory, but an instru-
ment dedicated to perform this will be avail-
able to pathology laboratories in the future. 
The PAM50 test provides a risk of relapse 
score (ROR) initially based on studies of 
patients with node-negative breast cancer who 
did not receive adjuvant systemic therapy. The 
ability of ROR to predict prognosis has 
recently been con fi rmed as useful in an inde-
pendent set of 786 patients with ER+ treated 
only with tamoxifen. In these studies, ROR 
was a better predictor than standard clinico-
pathologic variables, including Ki67, PR, and 
histological grade. Most recently, PAM50 out-
performed OncotypeDX ®  for predicting 
response to endocrine therapy in a large pro-
spective clinical trial of receptor-positive 
node-negative patients  
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  MapQuant Dx • ®  genomic grade: is a predictor 
test derived by identifying 97 differentially 
expressed genes from grade 1 and 3 breast 
cancers using a training set of 64 ER+ tumors. 
Most genes are cell cycle regulators and pro-
liferation. Genomic grade index (GGI) was 
strongly associated with risk of recurrence 
among patients with grade 2 tumors. It requires 
fresh tissue, similar to Mammaprint  
  Breast cancer index (BCI): provides assess-• 
ment of likelihood of distant recurrence in 
patients with ER+, node-negative breast can-
cer treated with endocrine therapy (primarily 
tamoxifen). BCI was developed from a combi-
nation of two indices: HOXB13:IL17BR and 
a proliferation related  fi ve-gene molecular 
grade index. Technically, it involves using a 
qRT-PCR assay with FFPE tissue samples  

  The clinical use of Mammaprint • ® , Oncotype 
DX ® , BCI, PAM50 assays have all been proven 
most useful in studies of patients with recep-
tor-positive node-negative breast cancer, 
which are highly enriched with luminal A 
molecular subtypes, which may explain why 
the prognostic ability of these different gene 
expression-based assays is similar, as most of 
them are differentiating luminal A from all 
other subtypes (Figs.  6.7  and  6.8 )       

   Intrinsic Molecular Subtypes 
of Breast Cancer 

    Understanding the more recent advances in the • 
molecular biology of breast carcinogenesis, 
imply acknowledging the major contribution of 

  Fig. 6.7    Taxonomy of breast cancer. WHO classi fi cation of common histologic subtypes       
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Perou et al. in the description of the molecular 
intrinsic subtypes of breast carcinomas. This 
work represents the  fi rst molecular classi fi cation 
of tumors, not considering the histology but a 
description of gene expression pro fi les of dif-
ferent breast tumors  
  Four molecular subtypes were originally • 
described: luminal, normal breast-like, HER2, 
and basal like. Subsequently luminals were fur-
ther subdivided into Luminal A and Luminal B  
  • Luminal tumors are reminiscent of “normal • 
luminal epithelial cells,” including CK8/18+. 
Lum A are ER+ and enriched with genes asso-
ciated with active ER pathway, low levels of 
proliferation related genes, low histological 
grade, and generally good prognosis. The Lum 

B tumors are typically higher grade, with high 
proliferation indexes, and worse outcome, and 
a signi fi cant proportion are HER2+. Recent 
data show no good separation between Lum A 
and Lum B based on proliferation  
  The normal breast-like subtype has gene • 
expression pro fi les similar to  fi broadenomas 
and normal breast enriched in adipose tissue 
genes. They are relatively poorly characterized 
and their prognostic signi fi cance is unclear. 
Recent studies suggest that the normal breast-
like group may be an artifact caused by con-
tamination of samples with normal tissue  
  The HER2+ subtype shows ampli fi cation or • 
3+ reactivity by IHC, and expresses many 
other genes associated with the HER2  pathway. 

  Fig. 6.8    Breast cancer pathology, common histologic 
subtypes. Grading invasive carcinomas depend on the 
degree of tubular formation, nuclear features, and mitotic 
index. Invasive ductal carcinoma of no special type. 
8a-Grade 1; 8b-Grade 2; 8c-Grade 3. 8d-8i, common 

 histologic types. 8d and 8e: invasive lobular carcinoma; 
8f: invasive tubular carcinoma; 8g: invasive mucinous car-
cinoma; 8h: invasive medullary carcinoma; 8i: invasive 
ductal carcinoma with mucinous features       
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However, a good number of  HER2  ampli fi ed, 
ER+ cancers fall into Lum B category  
  The basal subtype expresses genes found in • 
normal basal/MECs of breast, such as  CK5, 
CK14, p-cadherin, caveolins 1–2, CD44 , and 
 EGFR . A minority has  EGFR  ampli fi cation. 
However, unlike MECs, they also express cer-
tain proteins characteristic of LECs, such as 
CK8, CK18, and KIT. Basal-like carcinomas 
are usually high histological grade tumors 
with high proliferation, necrosis, pushing bor-
ders, and lymphocytic in fi ltrate. Histological 
subtypes commonly seen in this category 
include medullary or metaplastic carcinomas. 
The basal-like subtype more commonly hap-
pen in younger individuals, often of African–
American or Hispanic decent. The tumors 
usually show high initial response to cytotoxic 
chemotherapy, although the majority relapses 
and overall prognosis is very poor. These fea-
tures are similar to those seen in tumors of 
patients with  BRCA1  mutation and the BRCA1 
pathway is dysfunctional in basal-like cancers  
  Three new ER-negative molecular subtypes • 
have recently been described: One, referred to 
as “Molecular apocrine,” is similar to HER2 
subtype but shows activation of androgen 
receptor signaling; another, referred to 
“Interferon subtype,” are characterized STAT1; 
and the third are referred to as the “claudin-
low” group, which typically demonstrate a 
cancer-stem cell like phenotype  
  Recently, several studies have questioned • 
whether intrinsic subtyping is reproducible or 
stable, and whether it has any useful clinical 
signi fi cance  
  The relationship of intrinsic molecular sub-• 
types to special histological subtypes of breast 
cancer: Some studies, mainly using microar-
ray-based technology, have shown that at the 
transcriptional level, tubular, mucinous, and 
lobular subtypes are more homogeneous than 
invasive ductal carcinomas of no special type 
(IDC/NST). Tubular, mucinous, and neuroen-
docrine carcinomas are typically included in 
the luminal phenotype. Adenocystic, medul-
lary, and metaplastic are basal-like in agree-
ment with previous studies  

  The use of IHC has recently been advocated as a • 
surrogate to microarray analysis to de fi ne the 
intrinsic molecular subtypes (Fig.  6.11 ): 
Expression by IHC of ER, PR, and luminal CKs 
(CK8 and CK18), lack of HER2 overexpression, 
and low Ki67 are typical of Lum A. Expression 
of ER, PR, and luminal CKs, and HER2 overex-
pression are seen in Lum B. Absence of ER and 
PR, and HER2, and expression of basal CKs 
(CK5/6) de fi ne basal-like tumors  
  In the neoadjuvant settings, pathologic com-• 
plete response (pCR) has been used to deter-
mine response to chemotherapy. pCR is only 
seen in 20–30% of patients (with use of stan-
dard anthracycline and taxane-based chemo-
therapy): Different rates have been shown 
across the different molecular subtypes: rates 
are 7% for Lum A, 17% for Lum B, 36% for 
HER2, and 43% for basal-like. This is one of 
the few scenarios where the use of molecular 
subtypes is advocated to translate into clinical 
practice. It is important to understand that 
molecular subtypes do not add much addi-
tional information of prognostic signi fi cance 
compared to the current standards of histo-
logic subtypes and pathologic grading  
  Even though the molecular classi fi cation has • 
been one of the greatest advances in breast 
cancer in the last two decades, differences in 
molecular aspects of common histologic sub-
types have been also recognized. Here are 
some examples: Medullary carcinomas show 
a prominent T helper cell immune response. 
Adenoid cystic carcinomas of the breast 
show a characteristic translocation  t (6;9), 
which creates a  MYB–NFIB  fusion transcript. 
Secretory carcinomas also have an associated 
translocation,  t (12;15) with the conformation 
of a  ETV6–NTRK3  fusion transcript. Micro-
papillary carcinomas    have a high rate of lymph 
node metastasis and are typically included in 
the luminal B subtype, but a distinct set of 
gene clusters on their own, including high 
rate  FGFR1  ampli fi cation. Metaplastic breast 
cancers are a mixture of adenocarcinoma with 
metaplastic elements, homologous (squamous 
and spindle metaplasia) or  heterologous 
(chondroid, osteoid,  skeletal muscle). They 
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are typically associated with  PI3K/AKT  muta-
tions—over 90% are HER2 and ER negative, 
and typically show a basal-like immunophe-
notype. A dysfunctional BRCA1 pathway is 
seen with over 60% of metaplastic carcino-
mas, which is caused by methylation silencing 
of the  BRCA1  gene promoter. In addition, a 
mouse model with  BRCA1  inactivation and 
wild-type allele of  TP53  show classical mor-
phologic features of metaplastic carcinomas, 
including HER2 and basal markers (CK14 and 
EGFR), as well as activation of WNT pathway 
(Figs.  6.9 ,  6.10 , and  6.11 )        

   Important Somatic Mutations in Breast 
Cancer 

     • TP53  is mutated in up to 30% of sporadic 
breast cancers, as well as many other types of 
cancers. The gene is located on chr 17 and 
encodes a nuclear transcription factor nor-
mally involved in cellular pathways activated 
in response to stress by inhibiting the prolif-
eration, and inducing apoptosis, of cell dam-
aged in a variety of ways. P53 acts as a 
transcriptional activator of genes involved in 
inhibition of the cell cycle, blood vessel for-
mation, stimulation of apoptosis, and promo-
tion of DNA repair. Currently, 2,500 different 
inactivating  TP53  mutations have been 
described in breast cancer. About 75% are 
single nucleotide substitutions leading to sub-
stitution of a single amino acid, and the 
remaining 25% are insertions, deletions, and 
nonsense mutations. Mutations in one allele 
are associated with inactivation of the other 
one by loss of heterozygosity (LOH) in most 
affected breast cancers. Mutation of the gene 
often correlates with increased nuclear p53 
expression by IHC, which can be used as an 
easy surrogate assay in certain situations. 
Somatic mutations of  TP53  occur in IBCs and 
DCIS. In both settings, they are associated 
with increased tumor size and grade, as well 
as axillary metastasis and the rate of  TP53  
mutations is very high in  BRCA1/BRAC2  car-
riers. The presence of  TP53  mutations is asso-

ciated with poor prognosis: shorter DFS and 
OS in both node-negative and node-positive 
cancers. However, one study has shown an 
advantage in survival in node-negative breast 
cancer with mutated  TP53  treated with XRT 
compared to node-negative with WT  TP53   
   • ESR1  mutations: ER a  has been reported as 
mutated and ampli fi ed in low percentage of 
breast cancers. Those with an ER A86V muta-
tion are associated with lower activity of the 
receptor. The ER K303R mutation makes the 
receptor hypersensitive to activation by estro-
gen, which may promote tumor progression. 
An ER 437 stop codon mutation has been 
identi fi ed in metastatic breast cancers, and 
may be important in promoting metastatic 
spread, although the mutation is very rare  
  Gene copy number alterations (referred to as • 
allelic imbalance): AI is very    common in 
breast cancers, occurring in as many as 50%. 
Gene ampli fi cation is a pathologic change 
commonly associated with increased mRNA 
transcription and protein expression of affected 
genes. Gene deletions are associated with loss 
of expression and function. Ampli fi cation of 
several regions in the breast cancer genome 
contains genes coding for oncogenes. For 
example, the chromosome 17q12 amplicon 
contains the  HER2  gene, the 8p24 amplicon 
the  MYC  gene, the 11q13 amplicon the  CCND1  
gene, and the 6p11 the  ESR1  gene

   Ampli fi cation of   – HER2  is common in 
breast cancer and was discussed in detail 
above  
  Ampli fi cation of   – ESR1  on chromosome 6p 
occurs in 5–20% of breast cancer, it is asso-
ciated with increased ER expression, and it 
appears to increase responsiveness to 
tamoxifen therapy—so determining this 
feature may help optimize the use of endo-
crine therapy  
  8q24   – MYC  on chromosome 8q24 is fre-
quently ampli fi ed. MYC regulates cell 
growth and proliferation, and ampli fi cation 
is associated with higher histological grade, 
high proliferation rate, early recurrence, 
and death. Coampli fi cation of  MYC  and 
 HER2  is very common, and trastuzumab is 
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  Fig. 6.9    Breast cancer molecular intrinsic subtypes. 
Gene expression patterns of 85 experimental samples 
representing 78 carcinomas, 3 benign tumors, and 4 nor-
mal tissues, analyzed by hierarchical clustering using the 
476 cDNA intrinsic clone set. ( a ) The tumor specimens 
were divided into  fi ve (or six) subtypes based on differ-
ences in gene expression. The cluster dendrogram    show-
ing the  fi ve (or six) subtypes of tumors are colored as: 
luminal subtype A,  dark blue ; luminal subtype B,  yellow ; 

luminal subtype C,  light blue ; normal breast-like,  green ; 
basal-like,  red ; and ERBB2+,  pink . ( b ) The full cluster 
diagram scaled down. The  colored bars  on the right rep-
resent the  inserts  presented in  c–g . ( c ) ERBB2 amplicon 
cluster. ( d ) Novel unknown cluster. ( e ) Basal epithelial 
cell-enriched cluster. ( f ) Normal breast-like cluster. 
( g ) Luminal epithelial gene cluster containing ER. 
(Copyright 2001 National Academy of Sciences, USA, 
with permission)       
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associated with improved outcome when 
coampli fi cation exists compared to tumors 
with ampli fi ed  HER2  alone  
    – CCND1  on chromosome 11q13 encodes a 
cell cycle regulatory protein that plays an 
important role in normal mammary gland 
development. The ampli fi cation is seen in 

up to 20% of breast cancers, which is 
signi fi cantly higher in lobular and with 
ER+/PR+ tumors. Coampli fi cation of  MYC  
and  CCND 1 occurs and is associated with 
aggressive phenotype. Coampli fi cation 
with  FGFR1  has also been reported and is 
associated with worse outcome  

  Fig. 6.10    Overall and relapse-free survival analysis of 49 
breast cancer patients, uniformly treated in a prospective 
study, based on different gene expression classi fi cation. 
Overall and relapse-free survival analysis of the 49 breast 
cancer patients, uniformly treated in a prospective study, 
based on different gene expression classi fi cation. ( a ) 
Overall survival and ( b ) relapse-free survival for the  fi ve 

expression-based tumor subtypes based on the 
classi fi cation presented in Fig.  6.9  (luminals B and C were 
considered one group). ( c ) Overall survival estimated for 
the six-subtype classi fi cation with the three different lumi-
nal subtypes presented in Fig.  6.1 . ( d ) Overall survival 
based on the  fi ve-subtype classi fi cation. (Copyright 2001 
National Academy of Sciences, USA, with permission)       

 



1176 Molecular Pathology of Breast Cancer

  8p11.3   – FGFR1  on chromosome 8p11.3 is 
ampli fi ed in about 10% of breast cancers, 
and is associated with poor clinical outcome. 
Typically, it is associated with an ER+, PR+, 
and HER2− phenotype. In addition,  FGFR1  
ampli fi cation is associated with resistance to 
endocrine therapy.  FGFR1  inhibitors have 
shown clinical response in patients with 
metastatic breast cancer, as an adjuvant to 
chemotherapy  
    – MDM2 a mpli fi cation has been reported in 
breast cancer and is associated with worse 
outcome in patients with node-negative 
disease  
  Complex amplicons, as commonly  –
observed with  HER2  on 17q22 (HER2) and 
 FGFR1  on8p11.3, typically involve a large 

number of adjacent genes that might also 
be important in the pathogenesis of breast 
cancer. For example,  TOP2A, RARA,  and 
 PPARB . Coampli fi cation with  TOP2A  is 
associated with responsiveness to anthra-
cycline chemotherapy        

   Hereditary Breast Cancer BRCA1 
and BRCA2 

    Hereditary breast cancer (HBC) means that an • 
alteration in a single major gene strongly con-
tributes to the development of cancer or can-
cer-related conditions within the family. HBC 
was brought  fi rst to the medical literature by 
the surgeon Paul Broca, who accounted for 

  Fig. 6.11    Use of IHC in determination of molecular 
intrinsic subtypes. Representative cases for each molecu-
lar subtype. Hematoxylin and eosin and immunohis-
tochemical stains of estrogen receptor, HER2, CK5/6, 

and epidermal growth factor receptor for luminal A 
( a–e ), luminal B ( f–j ), HER2 ( k–o ), basal ( p–t ), and 
unclassi fi ed ( u–y ). (Adapted from Tang et al., 2009  )       
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his wife pedigree in 1865 showing four gen-
erations of breast cancer and occurrences of 
cancer of the GI tract. In 1990, Hall et al. 
described a linkage speci fi c site of breast can-
cer on chromosome 17q.  BRCA1  gene was 
later cloned. Subsequently, a second gene 
located in chromosome 13q was cloned, 
 BRCA2. BRCA1  and  BRCA2  are the major 
well characterized genes contributing to HBC, 
but others are known (but very rare), but it is 
likely that there are more yet to be discovered. 
In general, HBC is characterized by a 
signi fi cant earlier onset of breast cancer (aver-
age, 45, beginning at the age of 20), an excess 
of bilateralism, a greater frequency of multi-
ple primary cancers (such as breast and ovary), 
and an autosomal dominant pattern of inheri-
tance. In females, about 45% of HBC and 
80% of hereditary breast and ovarian cancers 
are associated with  BRCA1  mutations. Most 
of the remaining HBCs are attributable to 
 BRCA2  mutations. The lifetime risk of breast 
cancer in  BRCA1  and  BRCA2  mutation carri-
ers is about 85%. The risk of ovarian cancer is 
40–60% for  BRCA1  and 15% for  BRCA2 . It is 
estimated that about two-thirds of male breast 
cancer are linked to  BRCA2 , and one-third to 
 BRCA1  mutations. Overall, the prognosis of 
 BRCA1/2  mutated population appears to be 
similar to non-BRCA patients, although there 
is still controversy on this issue. For example, 
Ashkenazi Jews with  BRCA1/2  mutations 
appear to have relatively poor outcomes. 
Some new studies suggest that  BRCA1  patients 
may even have better survival than matched 
non-BRCA patients, and that  BRCA2  progno-
sis is worse  
   • BRCA1 : 1,643 mutations have been described, 
of which 890 have been reported only once. 
For  BRCA2  approximately 1,856 mutations 
have been identi fi ed. BRCA shows two vari-
ants of penetrance, high (84% by 70 years of 
age) and low (32% by 70 years). Phenotypically, 
most  BRCA1  mutated tumors are basal-like 
breast cancers: highly proliferative, poorly 
differentiated, and genomically unstable. Most 
studies  fi nd  BRCA1  HBC to have a triple neg-
ative phenotype (ER−/PR–/HER2−). They are 

also    associated with higher histological grade. 
A much higher prevalence of typical and atyp-
ical medullary carcinomas is also observed 
compared to sporadic breast cancers (35.3 vs. 
3.4% for age matched controls and  BRCA1  
mutated cancers). A lower prevalence of low 
grade tumors is seen in  BRCA1  mutated can-
cers compared to sporadic cancers, including 
ILC, tubulolobular, tubular, and invasive cri-
briform types. Indeed ILC commonly lack 
alterations at the  BRCA1  site. Aneuploidy is 
common among  BRCA1  mutated tumors. The 
frequency  of TP53  mutations is increased in 
 BRCA1  tumors compared to non-HBC and 
 BRCA2  tumors. Tamoxifen has been shown to 
be bene fi cial in reducing the risk of contralat-
eral breast cancer in  BRCA1  patients, suggest-
ing that they evolve from ER-positive 
precursors  
   • BRCA2  mutated cancers have a more variable 
phenotypes than  BRCA1 , including a much 
higher proportion of luminal subtypes, and a 
much proportion of basal subtypes. Most stud-
ies show that the age of onset is older than in 
 BRCA1 . Some studies have shown higher 
prevalence of ILC associated with  BRCA2  
than  BRCA1 .  BRCA2  also tend to show lesser 
aneuploidy and S phase. In  BRCA2 , ER/PR 
expression appears to be similar to non-BRCA 
cancer—a single study has even shown higher 
levels. Mutations of the  BRCA2  gene are also 
linked to other types of cancer, including pan-
creatic, prostate, and melanoma     

   Hereditary Breast Cancer Non-BRCA 

    Non-BRCA HBC represents approximately • 
50% of cases in the general population. 
Overall, their clinical pathological features are 
statistically similar to sporadic breast cancer 
patients overall, including histological sub-
types and grade, proliferation, p53 status, and 
intrinsic subtypes  
  Germline mutations of  • CDH1  (E-cadherin), 
which are very rare, confer a 40–70% lifetime 
risk of hereditary diffuse gastric carcinoma, 
and a 39–52% of ILC. E-cadherin is an adhe-
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sion protein, which is lost in sporadic ILC 
through somatic mutations  
  Li–Fraumeni syndrome: Lynch et al. described • 
an extended kindred with a broad spectrum of 
cancers: sarcoma, breast cancer and brain 
tumors, lung and laryngeal cancers, leukemia, 
lymphoma, and adrenocortical carcinomas 
(SBLA syndrome). It is caused by a  TP53  ger-
mline mutation. The penetrance is variable 
with two age speci fi c models: one in child-
hood and the second in adult life  
  Cowden syndrome is a cancer associated gen-• 
odermatosis, also referred as multiple hamar-
toma syndrome. It has an autosomal dominant 
pattern of inheritance, and is associated with 
distinctive mucocutaneous lesions and cancer 
of the breast, thyroid, and female genitouri-
nary tract  
  Germline mutations of the  • PTEN  gene (also 
seen in Bannayan–Riley–Ruvalcaba syn-
drome). Cutaneous manifestations include 
trichilemmomas, which are pathognomonic. 
Also, multiple facial papules, acral and pal-
moplantar keratosis, skin tags and lipomas. 
Merkel cell carcinoma can occur. Thirty per-
cent of women show breast carcinomas, and 
one-third shows bilateral disease. Patients 
with the mutation are candidates for prophy-
lactic bilateral mastectomy     

   Familial Breast Cancer 

    Familial breast cancer (FBC) is described as • 
breast cancer within a family history of one or 
more  fi rst or second degree relatives affected. 
A patient with one or more  fi rst degree rela-
tives with breast cancer in this category has a 
substantial excess lifetime risk of breast can-
cer when compared to patients in the general 
population. The relative risk increases from 
1.80, 2.93, and 3.90 with one, two, and three 
 fi rst degree relatives compared to women 
without affected pedigree. FBC suggests a 
clustering of cancers that probably occurred 
by chance. In other words, there may be a 
combination of genetic and nongenetic (i.e., 
environmental) factors that contributed to the 

development of cancers within a family. In 
such instances, where an alteration in a single 
major gene is not likely or is not identi fi ed, 
individuals may still face elevated risks of 
cancer     

   Genome Sequencing of Breast Cancers 

    Whole genome sequencing (WGS): The use • 
of rapidly evolving techniques that combines 
whole genome, deep generation sequencing, 
and next generation sequencing have provided 
novel insights into the understanding of muta-
tional analysis in breast cancer. Although 
these studies are in their infancy, it is already 
clear that essentially all breast cancers have an 
enormous number of mutations, far more than 
originally imagined—suggesting that devel-
oping widely successful targeted therapies 
will be extremely dif fi cult. The seminal study 
by Sjoblom, based on outdated sequencing 
technology, found more than 100 distinct 
mutations in just 11 breast cancers. A more 
recent study Ding et al., using newer higher 
resolution technology, found an average of 50 
somatic point mutations (including  JAK2, 
PTCH2, CSMD1, NRK, TP53 ,  MAP3K8 ), 28 
large deletions, 6 inversions, and 7 transloca-
tions in a single case of basal-like breast can-
cer. One of the next major challenges in breast 
cancer research will be to determine which of 
the mutations are the “drivers” for developing 
breast cancer          
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         Introduction 

    Ovarian cancer is the  fi fth most common cause • 
of cancer-related death in women in the US, 
and the leading cause of death among gyneco-
logic neoplasms  
  The 5-year survival for ovarian cancer is only • 
37%  
  Understanding the pathophysiology of ovarian • 
neoplasms, particularly the molecular basis of 
disease, is crucial in improving diagnostic and 
treatment modalities     

   Classi fi cation of Ovarian Epithelial 
Neoplasms 

    The traditional idea of a progression from • 
well- to poorly differentiated carcinoma for all 
ovarian cancer subtypes has recently been 
replaced by a comprehensive, dualistic model 
of ovarian epithelial neoplasia based on new 
morphologic and molecular data (   Shih and 
Kurman  2004  )  (Table  7.1 )   
  This classi fi cation is described below, with a • 
more detailed description of the molecular 
abnormalities included in subsequent sections 
(Fig.  7.1 ).     
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   Type I Tumors 

    Type I tumors are composed of several diverse • 
histotypes including low-grade serous carci-
noma (LGSC), mucinous carcinoma, endo-
metrioid carcinoma, malignant Brenner tumor, 
and clear cell carcinoma  
  Precursors/origin• 

   These tumors are thought to develop in a  –
stepwise fashion from benign to borderline 
to malignant tumors  

Borderline tumo    rs –
   The term “borderline tumor” refers to �

an entity intermediate in behavior 
between cystadenomas and carcinomas
   Findings in recent years have led to �

re fi nement of this category and the his-
tologic and behavioral spectrum it 
encompasses     
  For serous tumors, two categories have �

been de fi ned based on behavior: atypi-
cal proliferative serous tumors (APST), 

   Table 7.1    Characteristics of Type I vs. Type II ovarian tumors    

 Type I  Type II 

 Histotypes  Low-grade serous carcinoma 
 Mucinous carcinoma 
 Endometrioid carcinoma 
 Clear cell carcinoma 
 Malignant Brenner tumor 

 High-grade serous carcinoma 
 Malignant mixed müllerian tumor 
 Undifferentiated carcinoma 

 Precursors/origin  Benign adenomas → atypical proliferative 
(borderline) tumors → malignant neoplasms 

 Arise from tubal epithelium 

 Clinical behavior  Slow growing  Aggressive 
 Often con fi ned to ovary at time of diagnosis  Rapid progression 

 Early metastasis 
 Molecular abnormalities  MAPK signaling pathway ( KRAS/BRAF ) 

  Wnt / b (Beta)-catenin/Cyclin D1 
  PI3K/Akt2/PTEN  pathway 
  ARID1a  
 Microsatellite instability 

  HNF1- b (beta)  
  PPP2R1A  
  EGFR/HER2neu  

 TP53 
  CDKN2 /p16 
  BRCA1  and  BRCA2  
  Akt2  ( PI3K/Akt2/PTEN  pathway) 
  Notch3  
  HBXAP (Rsf-1)  
  NAC1  
 HLA-G 
 Cyclin E1 
  EGFR/HER2  

  Fig. 7.1    Prevalence of epithelial ovarian cancer histotypes and their associated molecular abnormalties. (Reprinted 
from Human Pathology, Kurman and Shih  2011 , with permission from Elsevier)       
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which is a typical borderline tumor with 
or without noninvasive implants; and 
micropapillary serous carcinoma 
(MPSC), a term synonymous with non-
invasive LGSC  
  Mucinous borderline tumors of intesti-�

nal type are relatively indolent even if 
they contain areas of intraepithelial car-
cinoma or foci of microinvasion 
(<5 mm), and therefore are best catego-
rized as atypical mucinous proliferative 
tumors (APMT), with quali fi cation as 
necessary (“with intraepithelial carci-
noma” or “with microinvasion”)  
  Atypical proliferative seromucinous �

tumor, also known as mucinous border-
line tumor of endocervical type, has 
been found to be associated with endo-
metriosis and endometrioid tumors     

  Low-grade serous tumors are believed to  –
progress from adenomas to borderline 
tumors to noninvasive micropapillary car-
cinoma (noninvasive LGSC), and  fi nally to 
invasive LGSC  
  Mucinous tumors may arise from the tubal– –
peritoneal junction, based on their associa-
tion with Walthard nests and Brenner 
tumors, and the presence of transitional 
metaplasia at the tubal–peritoneal junction 
in some salpingectomy specimens (Seidman 
et al.  2011  )   
  Many endometrioid and clear cell carcino- –
mas have also been found to be associated 
with benign or borderline-like lesions, as 
well as with endometriosis, which is 
thought to be the benign precursor of these 
tumors     

  Clinical behavior• 
   These are indolent tumors which grow to a  –
large size while remaining con fi ned to the 
ovary at diagnosis  
  Although LGSC demonstrates a pattern of  –
spread similar to its high-grade counter-
part, it behaves in a more indolent fashion 
and is associated with a better prognosis     

  Summary of molecular  fi ndings• 
   Endometrioid and clear cell carcinomas  –
commonly have abnormalities in  ARID1A, 

CCND1 / b (beta)-catenin ,  and the  PI3K/
Akt2/PTEN  pathway  
  LGSC commonly has abnormalities in the  –
MAPK signaling pathway ( KRAS  and 
 BRAF ) and the  PI3K/Akt2/PTEN  pathway  
  Mucinous carcinoma commonly has muta- –
tions in  KRAS   
  Type I tumors generally lack mutations in  –
 TP53 , unlike type II tumors, and therefore this 
helps in differentiating the two categories        

   Type II Tumors 

    This category includes high-grade serous car-• 
cinoma (HGSC), malignant mixed müllerian 
tumor (MMMT, carcinosarcoma), and undif-
ferentiated carcinoma  
  Histopathology• 

   Tumors in this category are high grade in  –
appearance, with complex architecture and 
signi fi cant nuclear atypia  
  Necrosis and high mitotic activity are  –
common  
  HGSC is exclusively epithelial in differen- –
tiation, while MMMT displays both epithe-
lial and stromal differentiation     

  Precursors/origin• 
   The majority of type II tumors appear to arise  –
from tubal epithelium, either from intraepi-
thelial carcinomas which shed cells that 
implant on the ovary, or from normal tubal 
epithelium that implants on the ovary to form 
inclusion cysts from which serous carcinoma 
can develop (   Kurman and Shih  2010  )   
  Evidence that supports an origin from the  –
distal fallopian tube includes:

   Gene expression pro fi ling has found a �

signi fi cant correlation between serous 
carcinomas and the normal fallopian tube  
  Higher rates of tubal hyperplasia, dys-�

plasia, and occult carcinoma (particu-
larly in the distal tube or  fi mbriae), as 
well as  TP53  mutations within dys-
plastic foci, have been found in pro-
phylactic salpingo-oophorectomy 
specimens compared to resections for 
other causes  
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  In patients with concurrent serous tubal �

intraepithelial carcinoma (STIC) and ovar-
ian serous carcinoma, identical  TP53  muta-
tions have been found in both components        

  Clinical behavior• 
   These tumors behave aggressively, with  –
rapid progression and early metastasis     

  Summary of molecular  fi ndings• 
   Type II tumors commonly have mutations  –
in  TP53 , chromosomal instability, and 
inactivation of  BRCA1  and  BRCA2          

   Molecular Pathways and Alterations 
by Tumor Type 

   Type I Ovarian Tumors 

   Low-Grade Serous Tumors 
    Introduction• 

   This category of tumors includes APST  –
and LGSC  
  Low-grade serous tumors of all types com- –
monly demonstrate a papillary architecture 
and psammoma bodies  
  APST demonstrates papillary epithelial  –
proliferation with hierarchical branching

   Foci of invasion less than 5 mm are per-�

mitted (APST with microinvasion)  
  Extraovarian implants may be noninva-�

sive, noninvasive desmoplastic, or 
invasive     

  MPSC, or noninvasive LGSC, demon- –
strates an appearance similar to that of 
APST but with a micropapillary or cribri-
form epithelial proliferation  
  LGSC also demonstrates cells with a higher  –
nuclear–cytoplasmic ratio and slightly 
more cytologic atypia than APST  
  The following discussion focuses largely  –
on the molecular pathology of LGSC, but 
also addresses  fi ndings in APST and benign 
serous tumors where relevant     

  Genetic pathways: functions, role in patho-• 
genesis, and frequency of abnormalities

     – MAPK  signaling pathway
    � MAPK  (mitogen-activated protein 
kinase), also known as  ERK  (extracel-

lular signal-regulated protein kinase), is 
a downstream target of RAS, RAF, and 
MAPK/ERK kinase  
   � MAPK  responds to growth factors and 
other signals by promoting cell prolif-
eration and opposing cell death, and is 
important in mediating drug-induced 
apoptosis in tumor cells  
   � KRAS  and  BRAF  are both oncogenes 
involved in the activation of the MAPK 
pathway  
  Frequency of mutations�

    � KRAS  mutations have been found in 
22–36% of serous borderline tumors 
and up to 33% of LGSC (Mok et al. 
 1993  )   
   BRAF  mutations have been found in �
up to 31% of serous borderline 
tumors and up to 36% of LGSC 
(Mayr et al.  2006  )   
  Overall, 60–88% of APST express �
mutations in either  KRAS  or  BRAF  
(Ho et al.  2004  ) 

   With rare exceptions, these muta- 
tions are mutually exclusive     

  Mutations in  � KRAS  and  BRAF  help 
distinguish low-grade serous tumors 
from HGSC, as these mutations are 
found in only up to 12% of HGSC 
(Sieben et al.  2004  ) 

   The V599E mutation in    BRAF  
occurs exclusively in LGSC (36%)     

  Of note, serous cystadenomas adja-�
cent to  KRAS-  or  BRAF -mutated 
serous borderline tumors were found 
to have identical mutations in 86% of 
cases, suggesting that mutation of 
these two genes precedes progression 
to serous borderline tumors

   Others have found these muta- 
tions in early APST, supporting 
their early role in tumorigenesis        

  Immunohistochemical  fi ndings�

   By immunohistochemical staining, �
activated (phosphorylated) MAPK 
was found to be expressed in 71% of 
APST, 80–81% of LGSC, and 41% 
of HGSC (Hsu et al.  2004  )   
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  In low-grade serous tumors, MAPK �
immunoexpression correlates with 
mutations in  KRAS  and  BRAF . This 
is in contrast to  fi ndings in HGSC        

    – CDKN2/ p16
   p16, encoded by  � CDKN2  ( p16ink4 ) on 
9p21, is a tumor suppressor gene 
involved in the Rb pathway, and is dis-
cussed in more detail below (see section 
“HGSC and MMMT   ”)  
  Although found more frequently over-�

expressed in HGSC, p16 has been found 
by some authors to be expressed in a 
signi fi cant percentage of low-grade 
serous tumors  
  Immunohistochemistry�

   Overexpression of p16 by immuno-�
histochemical analysis has been 
found in 27.3% of LGSC in one 
study, and as many as 85% of serous 
borderline tumors in another (O’Neill 
et al.  2007 ; Nazlioglu et al.  2010  ) 

   A possible loss of expression as  
tumors progress from APST to 
LGSC has been proposed              

  Clinical implications• 
     – MAPK  signaling pathway

   The constitutive activation of the  � MAPK  
signaling pathway in type I tumors sug-
gests a role for MAPK kinase inhibitors 
in treatment

   In fact, treatment of  � KRAS-  or 
 BRAF -mutated ovarian cancer cell 
lines with a MAPK kinase inhibitor 
was found to cause signi fi cant apop-
tosis and growth inhibition (Pohl 
et al.  2005  )      

  Treatment with cisplatin may induce �

activation of MAPK, with subsequent 
development of cisplatin resistance

   Furthermore, treatment with a pro-�
teasome inhibitor sensitizes cispla-
tin-resistant ovarian cancer cells to 
cisplatin-induced cell death, indi-
cating a potential role for protea-
some inhibitors along with cisplatin 
in  MAPK -activated tumors (Wang 
et al.  2011  )      

  Patients with both  � MAPK  expression 
and paclitaxel sensitivity have 
signi fi cantly better 5-year survival than 
those without these two characteristics 
(74.9 vs. 31%) (Hsu et al.  2004  )         

  Summary• 
   The most common molecular abnormali- –
ties in low-grade serous tumors are in the 
 MAPK  signaling pathway

    � MAPK  expression is common in APST 
and LGSC, and correlates with muta-
tions in  KRAS  and  BRAF      

  Mutations in   – KRAS  and  BRAF  are useful in 
distinguishing LGSC from HGSC, in which 
they occur much less frequently  
  A possible role exists for MAPK kinase  –
inhibitors and proteasome inhibitors in the 
treatment of  MAPK -activated cancers  
  Aberrant expression of p16 is more com- –
mon in HGSC, but has also been found in a 
subset of LGSC, with some authors  fi nding 
a correlation with lower stage and lower 
grade tumors        

   Endometrioid and Clear Cell Carcinomas 
    Introduction• 

   Endometrioid carcinomas of the ovary,  –
most commonly found in woman in their 
50s, demonstrate a histologic appearance 
similar to that of their uterine counterparts

   Well-differentiated endometrioid carci-�

nomas are composed of branching and 
con fl uent glands lined by tall columnar 
strati fi ed cells  
  Grading is based primarily on the extent �

of nonsquamous solid architecture, with 
grade 1 having <5% solid areas, grade 2 
with 5–50%, and grade 3 with >50%  
  Nuclear atypia is variable and can be �

signi fi cant, and may also be used as a cri-
terion to assign a tumor one grade higher 
than that indicated by architecture  
  Various types of metaplasia may be seen, �

including squamous, secretory, and 
mucinous  
  Endometrioid carcinomas tend to dem-�

onstrate expansile invasion, but also may 
be in fi ltrative     



134 K.P. Maniar et al.

  Clear cell carcinomas, which affect a simi- –
lar age group, display diverse but distinct 
histologic appearances

   Common patterns include papillary, �

tubulocystic, and solid, and these often 
coexist in a single tumor  

  Papillary areas commonly have �
hyalini zed stroma
   Tubulocystic carcinomas demon-�
strate tubules and cysts of varying 
sizes lined by tumor cells  
  Solid areas demonstrate sheets of �
polygonal cells with clear cytoplasm     

  A variable number of cells may demon-�

strate eosinophilic cytoplasm rather than 
the classic clear cytoplasm

   PAS-positive hyaline globules in the �
cytoplasm may also be seen     

  A spectrum of nuclear atypia is observed, �

often within the same tumor
   However, clear cell carcinomas are �

classi fi ed as high grade by de fi nition        
  Endometrioid and clear cell carcinomas are  –
discussed together in this section due to the 
signi fi cant overlap of molecular pathways 
involved in their respective pathogeneses     

  Genetic pathways: functions, role in patho-• 
genesis, and frequency of abnormalities

   Wnt/  – b (beta)-catenin pathway
   The gene  � CTNNB1  on 3p22.1 encodes 
 b (beta)-catenin, a protein involved in the 
Wnt signaling pathway, which plays a 
role in the regulation of cell proliferation 
and differentiation  
  Missense mutations of  � CTNNB1  fre-
quently result in constitutive activation 
of the Wnt signaling pathway in endo-
metrioid carcinomas  
  Frequency of mutations�

   Mutations in  � CTNNB1  have been 
found in 31–38% of ovarian endo-
metrioid tumors, primarily in exon 3 
of the gene (Catasús et al.  2004  )   
  Although  � CTNNB1  mutations have 
been linked to microsatellite insta-
bility in colon cancers, only rare 
cases of ovarian endometrioid carci-
noma have been found to have both 

 CTNNB1  mutations and microsatel-
lite instability

   While    CTNNB1  mutations are 
always associated with nuclear 
staining for  b (beta)-catenin, mic-
rosatellite instability is associated 
with a membranous  b (beta)-catenin 
staining pattern  
  These abnormalities therefore likely  
represent two independent mecha-
nisms of pathogenesis        

  Immunohistochemistry�

   Nuclear  � b (beta)-catenin immuno-
histochemical staining has been 
found in 38–85% of endometrioid 
carcinomas and up to 5.5% of clear 
cell carcinomas (Moreno-Bueno 
et al.  2001  ) 

   In endometrioid carcinomas, immu- 
nopositivity has been strongly cor-
related with the presence of 
 CTNNB1  mutations     

  Nuclear expression of  � b (beta)-catenin 
in endometrioid carcinomas has been 
associated with squamous differenti-
ation in these tumors        

  Cyclin D1 –
   The protein Cyclin D1, encoded by the �

oncogene  CCND1  on 11q13, is a target 
of the  b (beta)-catenin pathway, with 
activation of the pathway resulting in 
increased expression of cyclin D1  
  Cyclins are involved in the regulation of �

cyclin-dependent protein kinases (cdks), 
with cyclin D1 functioning speci fi cally 
in allowing the cell to progress from G1 
to S phase  
  Immunohistochemistry�

   Although some studies have found �
no association between cyclin D1 
overexpression and histotype, others 
have found a more frequent associa-
tion with endometrioid carcinomas, 
with immunohistochemical positiv-
ity being found in 32% of ovarian 
endometrioid carcinomas and 6% of 
clear cell carcinomas (Catasús et al. 
 2004  )         
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    – PI3K/Akt2/PTEN  pathway
   The  � PI3K/Akt2/PTEN  pathway is 
involved in the regulation of apoptosis, 
angiogenesis, cell proliferation and 
growth, and cell metabolism  
  Activation of the pathway can be the �

result of ampli fi cation of  PIK3CA  or 
 Akt2 , activating mutations in  PIK3CA , 
or inactivating mutations of  PTEN 

    � PIK3CA  is an oncogene located on 
chromosome 3q26.32, and encodes 
the  PI3K  catalytic subunit  
   � Akt2  is an oncogene located on chro-
mosome 19q13.1–13.2, and encodes 
a protein–serine/threonine kinase  
   � PTEN  (phosphatase and tensin 
homolog deleted on chromosome 10) 
is a tumor suppressor gene located on 
chromosome 10q23.3     

  Frequency of mutations/ampli fi cations�

   Mutation or ampli fi cation of  � PIK3CA  
has been found in 30.5% of ovarian 
cancers overall, and up to 45% of 
endometrioid and clear cell carcino-
mas (Campbell et al.  2004  )   
   � PTEN  is mutated in 14–31% of endo-
metrioid carcinomas (mostly of low 
grade and low stage), up to 8.3% of 
clear cell carcinomas, and 20.6% of 
endometrial cysts (Sato et al.  2000 ; 
Willner et al.  2007  ) 

   Most of the identi fi ed mutations  
have been frameshift mutations  
  LOH at the 10q23.3 locus has  
been found in 42% of endometri-
oid carcinomas, 27.3% of clear 
cell carcinomas, 56.5% of endo-
metrial cysts, and 0% of normal 
endometrium     

  Mutations in  � Akt2  are more often 
seen in HGSC (see below)        

    – ARID1A 
   The gene  � ARID1A  encodes the protein 
BAF250a, which binds to AT-rich DNA 
sequences and functions as a component 
of a complex (SWI/SNF) involved in 
regulating the expression of cell prolif-
eration genes  

  Because many cases of  � ARID1A  muta-
tions show both alleles to be affected, it is 
hypothesized that  ARID1A  is a tumor 
suppressor gene  
  Frequency of mutations�

   Mutations in  � ARID1A  have been 
found in 46–57% of ovarian clear 
cell carcinomas, as well as 71% of 
ovarian clear cell carcinoma cell lines 
(Jones et al.  2010  )   
  Endometrioid carcinomas have also �
been found to harbor  ARID1A  muta-
tions at a frequency of up 30% 
(Wiegand et al.  2010  )   
  Mutations have not been found in �
HGSC     

  Immunohistochemical  fi ndings�

   Mutations in  � ARID1A  in both endo-
metrioid carcinomas and clear cell 
carcinomas have been correlated 
with a loss of immunopositivity for 
BAF250a, with 73% of  ARID1A-
 mutated clear cell carcinomas and 
50% of  ARID1A- mutated endometri-
oid carcinomas showing this loss

   Loss of expression is speci fi c for  
these tumors vs. HGSC     

   � ARID1A  may be mutated earlier than 
 HNF1- b (beta)  in tumorigenesis        

    – HNF-1- b (beta) 
   HNF-1- � b (beta) (hepatocyte nuclear fac-
tor-1- b (beta) ,  also known as vHNF-1 or 
LFB3), along with the related protein 
HNF-1- a (alpha), has been shown to 
play a role in transcriptional activation 
during embryogenesis  
   � HNF-1- b (beta)  mRNA expression lev-
els have been found to be several times 
higher in clear cell carcinomas vs. other 
ovarian tumors

   The mechanism of upregulation may �
be related to CpG island hypomethy-
lation     

  Immunohistochemical  fi ndings�

   Almost all clear cell carcinomas have �
been found to be immunopositive for 
HNF-1- b (beta), with most other 
tumors showing either no staining or 
only focal faint positivity
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   Nuclear staining is also absent in  
endometriosis and in normal ovar-
ian surface epithelium (Tsuchiya 
et al.  2003  )            

  Microsatellite instability –
   Microsatellite instability refers to the �

inactivation of DNA mismatch repair 
genes, with a resulting increase in muta-
tion frequency of oncogenes and tumor 
suppressor genes, and a  consequently 
increased risk of neoplastic transforma-
tion in various tissue types  
  This is the mechanism responsible for �

Lynch syndrome (hereditary nonpoly-
posis colorectal cancer, or HNPCC), a 
hereditary cancer syndrome in which 
loss of function of the mismatch repair 
genes  MLH1, MSH2,  and  MSH6  is fre-
quently found  
  In addition to colorectal cancers, patients �

with Lynch syndrome are at increased 
risk of developing cancers at numerous 
other sites, including the upper gastroin-
testinal tract, urinary system, and female 
genital tract, particularly the endome-
trium and ovary  
  Mechanisms of microsatellite instability �

in ovarian cancers include frameshift 
mutations in the coding tracts of  BAX , 
 IGFIIR , and  MSH3 , as well as  MLH-1  
promoter hypermethylation

   Loss of  � hMSH2  expression has also 
been demonstrated     

  Frequency�

   The overall frequency of microsatel-�
lite instability in sporadic ovarian 
cancers was found to be 17%  
  Endometrioid tumors show a fre-�
quency of 17–50%, and clear cell 
carcinomas show a frequency of 6% 
(Fujita et al.  1995  )   
  Microsatellite instability is uncom-�
mon in other ovarian tumor types     

  Immunohistochemical  fi ndings�

   Loss of hMLH-1 nuclear staining has �
been reported to occur in 14% of 
endometrioid carcinomas and 6% of 
clear cell carcinomas, with most 

tumors being of high grade but low 
stage (Catasús et al.  2004  )         

    – MAPK  signaling pathway
   Mutations in  � KRAS  and  BRAF,  both 
oncogenes involved in the activation of 
the  MAPK  pathway, are more commonly 
associated with mucinous tumors and 
LGSC, but may also be mutated in endo-
metrioid and clear cell carcinomas. (See 
sections “Mucinous Tumors” and “Low-
Grade Serous Tumors” for more details 
on these two genes and the MAPK 
pathway.)  
  Frequency of mutations�

    � KRAS  mutations have been found in 
up to 10% of endometrioid carcino-
mas and very rarely in clear cell 
 carcinomas (Gemignani et al.  2003  )   
   � BRAF  mutations have been found in 
up to 9% of endometrioid carcino-
mas and up to 25% of clear cell 
 carcinomas (Mayr et al.  2006  )         

    – TP53 
   Although found with the greatest fre-�

quency in serous tumors,  TP53  muta-
tions have also been reported to occur in 
a subset of endometrioid and clear cell 
carcinomas, particularly those of 
advanced stage and high grade  
  Frequency of mutations�

    � TP53  mutations have been reported 
to occur in as many as 42% of endo-
metrioid carcinomas and 8% of 
clear cell carcinomas, with the high-
est frequency (75%) in grade 3 
endometrioid carcinomas (Willner 
et al.  2007  )   
  In a mouse model,  � TP53  mutations 
were found with lower frequency in 
tumors which had defects in the 
Wnt/ b (beta)-catenin or  PI3K/Akt2/
PTEN  signaling pathways, suggesting 
two separate pathways in the develop-
ment of low vs. high-grade endo-
metrioid carcinomas (Wu et al.  2007  )         

    – PPP2R1A 
   The serine–threonine protein phos-�

phatase PP2A is a family of holoen-
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zymes containing a heterodimer core 
with a catalytic subunit and a regulatory 
subunit (PPP2R1A or PPP2R1B)

   PPP2R1A acts as a scaffold in this �
complex, which is involved in regu-
lating cell growth and proliferation     

  The heterozygous and clustered nature �

of mutations in this gene suggest that 
 PPP2R1A  is an oncogene in 
tumorigenesis  
  Frequency of mutations�

   Mutations in the  � PPP2R1A  gene have 
been found in 7.1% of clear cell car-
cinomas, as well as in 3/7 ovarian 
clear cell carcinoma cell lines (Jones 
et al.  2010  )            

  Clinical implications• 
     – Wnt/ B (beta)-catenin pathway  

  The presence of CTNNB1 mutations or �

 b (beta)-catenin nuclear immunopositiv-
ity in endometrioid carcinomas has been 
associated with better differentiation, 
low grade, early stage, and a favorable 
prognosis  
  One group found cyclin D1 expression �

to be inversely correlated with tumor 
grade, suggesting a better prognosis for 
tumors with high cyclin D1 expression 
(Sui et al.  1999  )      

    – HNF-1- b (beta) 
   Silencing of  � HNF-1- b (beta)  in ovar-
ian cancer cell lines results in 
signi fi cantly more apoptosis com-
pared to controls. It is therefore an 
important potential target for novel 
ovarian cancer therapies  
  Given its relative speci fi city for clear �

cell carcinomas compared to other ovar-
ian cancer histotypes, HNF-1- b (beta) is 
also a useful immunohistochemical 
marker in diagnosis     

  Microsatellite instability –
   PCR analysis of tumor tissue using mic-�

rosatellite markers as well as detecting 
loss of expression of mismatch repair 
genes by immunohistochemistry are use-
ful methods of assessing for microsatellite 
instability in patients deemed to be at risk  

  Data concerning the effect of microsat-�

ellite instability on clinical behavior are 
somewhat inconsistent, with evidence 
of association with longer survival at 
odds with the association of microsatel-
lite instability with undifferentiated 
components and aggressive behavior        

  Summary• 
   Endometrioid and clear cell carcinomas  –
show signi fi cant similarities and overlap in 
their molecular pathology  
  The Wnt/  – b (beta)-catenin pathway, includ-
ing cyclin D1, is most commonly aberrant 
in endometrioid carcinomas

   Mutations in  � CTNNB1 , which correlate 
with immunohistochemical positivity 
for  b (beta)-catenin, are commonly seen, 
and have been linked to squamous dif-
ferentiation of the tumor  
  Cyclin D1 immunopositivity may also be �

seen     
  The   – PI3K/Akt2/PTEN  pathway is also 
affected in these two tumor types, with 
 PIK3CA  abnormalities common in both, 
and  PTEN  mutations more common in 
endometrioid carcinomas

   Of note, endometrioid carcinomas with �

 PTEN  mutations have been associated 
with a lower grade and a better prognosis     

    – ARID1A  is a putative tumor suppressor 
gene, aberrations in which can be seen in 
both tumor types, although they are more 
frequently associated with clear cell 
carcinomas

   In  � ARID1A- mutated carcinomas, loss of 
the BAF250a protein is seen by immuno-
histochemistry     

  Expression of   – HNF-1- b (beta)  is relatively 
speci fi c for clear cell carcinomas, and immu-
nohistochemical staining for the protein 
therefore serves as a useful diagnostic tool  
  Microsatellite instability is particularly  –
associated with endometrioid carcinomas, 
which are seen with increased frequency in 
patients with Lynch syndrome

   A small percentage of clear cell carcino-�

mas also demonstrate microsatellite 
instability     
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    – MAPK  signaling pathway defects, namely 
mutations in  KRAS  and  BRAF , may also be 
present in endometrioid and clear cell 
carcinomas  
  Although   – TP53  mutations are more fre-
quently associated with type II tumors, they 
also occur in a signi fi cant number of high-
grade endometrioid carcinomas  
  Clear cell carcinomas also demonstrate  –
abnormalities in the gene  PPP2R1A         

   Mucinous Tumors 
    Introduction • 

  The category of ovarian mucinous tumors  –
includes APMT and mucinous carcinoma, 
both of which are often unilateral and may 
grow to a large size prior to resection  
  Two types of APMT have been described:  –
the gastrointestinal type and the endocervi-
cal-like or seromucinous type  
  The more common subtype is the gastroin- –
testinal type, a generally multicystic tumor 
with an intestinal-type mucinous lining  
  Endocervical-like or seromucinous APMT  –
demonstrates both mucinous and serous-
type lining cells, and may also demonstrate 
endometrioid or eosinophilic epithelium

   These tumors are more often bilateral �

and small, with an architecture resem-
bling that of APST, and are more fre-
quently associated with endometrioid 
and clear cell carcinomas     

  APMT may display architectural complexity –
   The presence of marked nuclear atypia  –
without invasion warrants a diagnosis of 
mucinous intraepithelial carcinoma  

  The prognosis of these tumors is still �

favorable     
  Mucinous carcinomas, the majority of  –
which are of the gastrointestinal type, are 
uncommon compared to other types of 
ovarian tumors

   A well-differentiated architecture is typ-�

ical, and grading is best determined 
based on nuclear features  
  Invasion in these tumors may be destruc-�

tive and in fi ltrative or expansile  

  Mucinous carcinomas often coexist with �

adjacent APMT        
  Genetic pathways: functions, role in patho-• 
genesis, and frequency of abnormalities

   MAPK signaling pathway –
    � KRAS  (vi-Ki-ras2 Kirsten rat sarcoma 2 
viral oncogene homolog) and  BRAF  
(v-raf murine sarcoma viral oncogene 
homolog B1) are both members of the 
RAS–RAF–MEK–ERK–MAP kinase 
pathway (see section “Low-Grade Serous 
Tumors” above), and are also down-
stream activators of the EGFR pathway  
  Both KRAS and BRAF function as �

oncogenes  
  Frequency of mutations�

    � KRAS  mutations have been found in 
13–33% of mucinous adenomas, 
33–79% of mucinous borderline 
tumors, and 10–75% of mucinous 
carcinomas (Mok et al.  1993 ; Sieben 
et al.  2004  )   
  Codon 12 is the most common site of �
mutation in the  KRAS  gene  
   � BRAF  mutations are relatively 
uncommon in mucinous tumors, 
found in up to 9% of mucinous carci-
nomas and not at all in mucinous 
borderline tumors (Mayr et al.  2006  )   
  All  � BRAF  mutations were found in 
exon 15, with most involving codon 
600  
  As in other tumor types,  � KRAS  and 
 BRAF  mutations have been found to 
be mutually exclusive in most cases           

  Clinical implications• 
     – KRAS  mutations have been demonstrated to 
be more common in lower stage tumors, but 
no association with prognosis has been found     

  Summary• 
   The most commonly mutated gene in muci- –
nous tumors of the ovary is  KRAS,  with 
mutations found in adenomas, APMT, and 
carcinomas  
    – BRAF  mutations are much less common, 
but when present have been found to be 
mutually exclusive with  KRAS  mutations         
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   Type II Ovarian Tumors 

   HGSC and MMMT 
    Introduction • 

  HGSC is the most common type of ovarian  –
cancer, and usually occurs in the sixth and 
seventh decades

   Patients often present at an advanced �

stage, with abdominal and pelvic dissem-
ination of tumor  
  Architecturally, these carcinomas are �

complex, with papillary, glandular, cri-
briform, and solid patterns; necrosis is 
common  
  High-grade cytology is seen, with �

marked nuclear atypia and high mitotic 
activity  
  Overall survival is generally poor     �

  MMMT, or carcinosarcoma, is character- –
ized by both epithelial and stromal malig-
nant components

   The epithelial component may be com-�

prised of any ovarian carcinoma type, 
most often HGSC or endometrioid 
carcinoma  
  The stromal component demonstrates a �

sarcomatous appearance and may con-
tain heterologous elements  
  The frequent expression of epithelial �

markers in the sarcomatous component, 
as well as the demonstration of mono-
clonality in these tumors, supports the 
idea that these are carcinomas with sar-
comatoid differentiation

   Some have referred to them as “meta-�
plastic carcinomas”     

  HGSC and MMMT are discussed �

together in this section because of simi-
lar molecular aberrations, particularly in 
 TP53 , as well as their putative similar 
origin from STIC        

  Genetic pathways: functions, role in patho-• 
genesis, and frequency of abnormalities

     – TP53 
    � TP53  is a tumor suppressor gene located 
on chromosome 17p, encoding the tran-

scription factor p53, which is involved 
in apoptosis
    � TP53  has frequently been found to be 
inactivated in diverse tumor types     
  Mutations in  � TP53  are the most common 
and signi fi cant molecular abnormality 
found in type II ovarian carcinomas  
  Frequency of mutations�

   Mutations in  � TP53  are found in 
40–60% of all advanced ovarian 
cancer cases, and as many as 79% of 
all malignant ovarian or similar peri-
toneal epithelial tumors  
  Among pelvic (ovarian, tubal, and �
peritoneal) HGSC, more than 96% 
were found to have  TP53  mutations, 
including tumors of low stage

   Most were missense mutations in  
exons 4–8 (Cancer Genome Atlas 
Research Network  2011  )      

  MMMT has also been found to have �
 TP53  mutations, with identical muta-
tions and LOH patterns in the carci-
noma and sarcoma components  
  In two cases of MMMT arising in �
serous carcinoma, the MMMT was 
found to have the same  TP53  muta-
tion as the serous carcinoma, sup-
porting the idea of the sarcomatous 
component arising from the carci-
noma (Gallardo et al.  2002  )      

  Immunohistochemical  fi ndings�

   The majority of malignant ovarian �
cancers are p53-immunopositive, 
with a signi fi cant correlation between 
immunopositivity and  TP53  gene 
mutations        

    – CDKN2/ p16
   The gene  � CDKN2  (also known as 
 p16ink4  or  MTS1 ), located on 9p21, 
encodes the cyclin-dependent kinase 
inhibitor p16  
  p16 is a tumor suppressor which binds �

cdk4 and cdk6, inhibiting the activity of 
the cdk4-6/cyclin D enzyme complex, 
which is required for the phosphoryla-
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tion of Rb and resulting progression of 
the cell cycle  
  Immunohistochemical  fi ndings�

   Overexpression of p16 by immuno-�
histochemical analysis has been 
found in the majority of HGSC, with 
83.3% of these showing diffuse posi-
tivity, compared to less than 30% of 
LGSC (O’Neill et al.  2007  )   
  Some groups have found differing �
results (see section on LGSC above); 
however, the diffuse expression of p16 
by immunohistochemistry is still gen-
erally most consistent with HGSC        

  Telomere length –
   Telomeres are the noncoding ends of �

eukaryotic chromosomes, consisting of 
guanine-rich simple tandem repeats
   Telomeres function to protect the chro-�

mosome from end to end fusions, exo-
nuclease activity, and other damage     
  In normal cells, telomeres shorten with �

each replication cycle, eventually con-
tributing to the onset of replicative 
senescence  
  In immortal cell lines, such as tumor �

cells, the enzyme telomerase is acti-
vated, functioning to maintain telomere 
length and allowing the cell to continue 
dividing inde fi nitely  
  Frequency of abnormalities�

   STIC has been found to have telom-�
eres shorter than those of normal 
tubal epithelium in 82% of cases

   This shortening of telomeres may  
be due to ovulation-induced oxi-
dative stress, resulting in chromo-
somal instability and contributing 
to the development of STIC  
  Those STICs which acquire the  
ability to maintain telomere length 
may then progress to HGSC 
(Kuhn et al.  2010  )      

  Most HGSC demonstrate shorter �
telomeres than the associated normal 
tubal epithelium

   This is also true of metastatic malig- 
nant cells in ascites specimens 

compared to the accompanying 
benign cells (Counter et al.  1994  )      

  Telomerase activity is seen more fre-�
quently and to a greater degree in 
invasive carcinomas compared to 
normal ovaries and benign and bor-
derline serous tumors  
  Telomerase activity also helps distin-�
guish malignant from benign cells in 
ascites specimens        

  Familial ovarian cancer:   – BRCA1  and 
 BRCA2 

   Both  � BRCA1  and  BRCA2  are tumor sup-
pressor genes involved in DNA double-
strand break repair  
   � BRCA1 , located on 17q21, and  BRCA2 , 
located on 13q12, have both been linked 
to a hereditary predisposition for breast 
cancer  
  Mutations in  � BRCA1  and  BRCA2  have 
also been linked to ovarian cancers

   It has been found that the majority of �
breast-ovarian cancer families carry 
 BRCA1  mutations, and most of the 
remainder carry  BRCA2  mutations     

  Frequency of abnormalities�

   Approximately 10–17% of ovarian �
cancer occurs in patients with a known 
predisposing genetic mutation, pri-
marily  BRCA1  and  BRCA2 , as well as 
Lynch syndrome (see above)  
   � BRCA1  mutations particularly pre-
dispose to serous carcinoma, which 
comprises 90% of ovarian cancers in 
 BRCA1  mutation carriers  
  These two genes and their related path-�
ways may also play a role in sporadic 
cancers, which can be categorized into 
“ BRCA1- like” and “ BRCA2 -like” 
based on gene expression pro fi les

   Epigenetic effects or changes in  
downstream effectors of  BRCA1  
and  BRCA2  may be responsible 
(Jazaeri et al.  2002  )      

  Recent results from The Cancer �
Genome Atlas project have demon-
strated somatic mutations in  BRCA1  
or  BRCA2  in 3% of HGSC  
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  11–31% of lost  � BRCA1  expression 
has been found to be due to DNA 
hypermethylation rather than muta-
tion (Wang et al.  2004  )      

  Alterations have also been found in �

other homologous recombination genes, 
with approximately half of all HGSC 
found to have homologous recombina-
tion defects     

    – PI3K/Akt2/PTEN  pathway
   Abnormalities in this pathway are more �

commonly found in endometrioid and 
clear cell carcinomas (discussed 
previously)
   However, the oncogenes  � Akt2  and 
 PIK3CA  are more frequently ampli fi ed 
in HGSC than in other tumor types     
  Frequency of abnormalities�

   HGSC is  � Akt2 -ampli fi ed in 18.2–29% 
of cases (Park et al.  2006  ) 

   Normal ovarian tissue, benign  
tumors, borderline tumors, and 
LGSC show no ampli fi cation of 
the gene     

  Although  � PIK3CA  mutations are 
infrequently seen in HGSC,  PIK3CA  
ampli fi cations are seen in approxi-
mately 13% of these tumors 
(Nakayama et al.  2006b  )         

    – MAPK 
    � MAPK  (mitogen-activated protein 
kinase) is most frequently expressed in 
low-grade serous tumors (see above) but 
has also been found in HGSC  
  Immunohistochemical  fi ndings�

   By immunohistochemical staining, �
activated (phosphorylated) MAPK 
was found to be expressed in 41% of 
HGSC (Hsu et al.  2004  )   
  In contrast to LGSC, HGSC demon-�
strating  MAPK  expression all had 
wild-type  KRAS  and  BRAF         

    – Notch3 
   Notch receptors are membrane recep-�

tors which play a role in cell fate regula-
tion, cell proliferation, and cell death 
during development
   The  � Notch3  gene, located at 19p13.2, 
encodes one such Notch receptor     

  Frequency of abnormalities�

   Overexpression of  � Notch3  is more 
common in HGSC (ampli fi cation 
frequency of 19.5%, overexpression 
in 66%) vs. low-grade serous tumors 
and nonneoplastic epithelium (Park 
et al.  2006  )      

  Immunohistochemical  fi ndings     �

  Immunohistochemical staining for �
Notch3 (both nuclear and cytoplas-
mic) has been found in 55% of ovar-
ian carcinomas but not in normal 
ovarian surface epithelium

   The intensity of staining is corre- 
lated with the DNA copy ratio     

    – HBXAP (Rsf-1) 
   The gene  � Rsf-1  ( HBXAP , Hepatitis B 
virus x-associated protein), located at 
11q13.5, encodes a protein which part-
ners with hSNF2H to form the RSF 
complex; this complex is involved in 
chromatin remodeling  
  Frequency of abnormalities�

   Ampli fi cation of the 11q13.5 locus �
has been found in 13.2–15.7% of 
HGSC, with  Rsf-1  found to have the 
most signi fi cantly ampli fi ed mRNA 
expression among genes at this locus  
  No ampli fi cation is seen in low-grade �
tumors and normal ovaries (Shih 
et al.  2005  )      

  Immunohistochemical  fi ndings�

   Immunohistochemical staining for �
Rsf-1 correlates with the presence of 
gene ampli fi cation  
  A correlation has also been found �
between the intensity of Rsf-1 nuclear 
immunostaining and that for 
hSNF2H, with evidence suggesting 
that Rsf-1 may stabilize the hSNF2H 
protein (Sheu et al.  2008  )         

    – NAC1 
   NAC1 (nucleus accumbens 1), encoded �

by the gene  NAC1  on 19p13, is a member 
of the BTB/POZ domain family, and con-
tains a domain which may play a role in 
chromatin organization and transcription  
  The role of NAC1 in ovarian cancer �

pathogenesis may also be partly mediated 
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by its negative regulation of the growth 
inhibitor Gadd45GIP1 (DNA-damage-
inducible 45-gamma interacting protein)  
  Immunohistochemical  fi ndings�

   Immunopositivity for NAC1 is stron-�
ger in serous carcinomas than in 
benign tumors or normal ovaries, with 
high immunointensity seen more fre-
quently in HGSC compared to LGSC  
  Higher staining intensity and mRNA �
levels were also found in recurrent 
tumors compared to primary tumors 
(Nakayama et al.  2006a    )         

    – HLA-G 
   HLA-G (human leukocyte antigen G) is �

a major histocompatibility (MHC) pro-
tein, the expression of which has been 
shown to facilitate evasion of immuno-
surveillance by tumor cells and has been 
linked to multiple nonovarian cancers  
  Immunohistochemical  fi ndings�

   By immunohistochemical analysis, �
61% of HGSC have been found to 
express HLA-G, with a discrete 
membranous staining pattern  
  Expression has not been found in �
low-grade serous tumors or normal 
ovarian surface epithelium     

  By PCR analysis, the HLA-G isoforms �

1 and 5 were found to predominate in 
HGSC (   Singer et al.  2003a,   2003b  )      

  Cyclin E1 (  – CCNE1 )
   Cyclin E, encoded by the gene  � CCNE1  
at 19q13, is involved in promoting the 
progression of the cell cycle from S1 to 
G phase  
  Frequency of abnormalities�

   Ampli fi cation of the  � CCNE1  locus 
has been found to be speci fi c for 
HGSC vs. LGSC or normal ovarian 
tissue, with a frequency of 32.2–
36.1%    (Nakayama et al.  2007a    )      

  Immunohistochemical  fi ndings�

   High cyclin E1 expression by immu-�
nohistochemical analysis has been 
correlated with ampli fi cation of the 
 CCNE1  gene (Farley et al.  2003  )            

  Clinical implications• 
     – TP53 

    � TP53  gene mutations and overexpres-
sion have been linked to cisplatin resis-
tance, resulting from the inability of the 
mutated protein to activate apoptosis 
(Perego et al.  1996  )   
  The evidence for the prognostic �

signi fi cance of  TP53  mutations is still 
somewhat contradictory, with some evi-
dence pointing to these mutations as a 
negative prognostic factor, others  fi nding 
no correlation, and one study even 
 fi nding a short-term survival bene fi t

   Additional data is needed to more �
de fi nitively de fi ne the role of p53 in 
prognosis     

  Immunohistochemical staining for p53 �

is useful in differentiating type I and 
type II tumors  

  Telomere length and telomerase activity –
   The increased telomerase activity seen �

in HGSC suggests a potential utility for 
telomerase inhibitors in treatment; sev-
eral studies have explored this potential

   The cytokine interferon- � b (beta) 
(IFN- b (beta)), which inhibits tumor 
cell growth, was found to suppress 
telomerase activity in ovarian cancer 
cells (Lee et al.  2010  )   
  Inhibition of hTERT (human telom-�
erase reverse transcriptase), the major 
site of transcriptional regulation of 
the enzyme, has demonstrated rapid 
inhibition of growth in ovarian can-
cer cell lines (Luo et al.  2009  )            

    – BRCA1  and  BRCA2 
   In comparison to women with sporadic �

ovarian cancer, those with  BRCA1-  and 
 BRCA2 -mutated cancers have better 
outcomes.

   Patients with epigenetically silenced �
 BRCA1  have survival similar to those 
with wild-type  BRCA1      

   � PARP1  (poly-ADP-ribose-polymerase) 
is a nuclear enzyme required for base 
excision repair of single-strand breaks
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    � PARP  inhibitors may have potential 
in treating patients with defects in 
DNA repair, including those with 
 BRCA1  and  BRCA2  mutations        

    – PI3K/Akt2/PTEN  pathway
   Ampli fi cation of  � Akt2  has been associ-
ated with undifferentiated histology 
and with age over 50 years; a trend 
towards higher mortality is also 
observed     

    – MAPK 
   Greater expression of  � MAPK  is seen in 
high-grade tumors from younger patients 
(Hsu et al.  2004  )      

    – Notch3 
   Tumors with  � Notch3  overexpression 
may be amenable to targeted therapy, 
either by  g (gamma)-secretase inhibitors 
or by disruption of Notch3 and ligand 
binding  
   � g (gamma)-secretase inhibitors prevent 
activation of Notch3, and are found to 
inhibit proliferation and promote apopto-
sis in  Notch3 -expressing cancer cell lines     

    – HBXAP  ( Rsf-1 )
    � Rsf-1  may have prognostic signi fi cance, 
as patients with HGSC and  Rsf-1  
ampli fi cation demonstrate shorter over-
all survival compared to those with 
nonampli fi ed tumors (Shih et al.  2005  )   
  Implications for treatment also exist, with �

silencing of Rsf-1 in overexpressing cell 
lines resulting in a signi fi cant inhibition of 
growth, and expression of  Rsf-1  in cell 
lines being associated with paclitaxel 
resistance (Choi et al.  2009  )      

  NAC1 –
   The intensity of NAC1 immunostaining �

was found to be predictive of recurrence 
within 1 year in patients with advanced 
stage HGSC status post optimal debulk-
ing and standard chemotherapy 
(Nakayama et al.  2006a    )   
   � NAC1  expression may also be associ-
ated with resistance to paclitaxel and 
resulting shorter survival in paclitaxel-
treated patients

   This resistance may be mediated by �
Gadd45GIP1, which is also a poten-
tial target for treatment (Jinawath 
et al.  2009  )         

  HLA-G –
   An HLA-G-speci fi c ELISA test has �

been developed to measure sHLA-G, a 
product of the HLA-G5 isoform

   Using this test, sHLA-G was found �
in almost all malignant ascites sam-
ples and at signi fi cantly higher levels 
than in benign samples (   Singer et al. 
   2003b  ) , indicating potential use as a 
diagnostic tumor marker     

  HLA-G may also have prognostic impli-�

cations, with an association between the 
presence of HLA-G-expressing tumor 
cells in effusions and better survival 
(Davidson et al.  2005  )      

  Cyclin E1 –
   High cyclin E1 expression has been �

associated with shorter median survival 
and an increased relative risk of death in 
women with advanced stage ovarian 
cancer status post suboptimal debulking 
(Farley et al.  2003  )         

  Summary• 
   Mutations in   – TP53  are the most common 
genetic abnormality in HGSC and in ovar-
ian cancer overall

   The presence of these mutations is help-�

ful for diagnosis, and is thought to con-
fer a worse prognosis, although data on 
the latter are somewhat contradictory     

  In MMMT, identical   – TP53  mutations have 
been found in both the epithelial and 
stromal components  
  p16 is commonly overexpressed in HGSC   –
  The enzyme telomerase, expressed in a  –
wide variety of tumors, is also found in 
ovarian carcinomas, and has demonstrated 
potential as a target for therapy  
  Expression of   – MAPK , although more com-
mon in type I tumors, may also be seen in 
HGSC

    � MAPK -expressing HGSC are wild type 
for  KRAS  and  BRAF      
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  Within the   – PI3K/Akt2/PTEN  pathway, 
ampli fi cation of  Akt2  is most associated with 
HGSC, and has been associated with undif-
ferentiated histology and a worse prognosis.

    � PIK3CA  ampli fi cation is also seen in 
HGSC     

    – BRCA1  and  BRCA2  are the genes respon-
sible for most familial cases of breast and 
ovarian cancer

   Patients with ovarian carcinomas in this �

setting have better outcomes than those 
with sporadic cancers  
  These genes and their related pathways �

may also be involved in sporadic cancers     
  Several other genetic abnormalities have  –
also been described in HGSC, including 
overexpression of  Notch3, HBXAP, NAC1, 
HLA-G,  and  Cyclin E 

   Many of these abnormalities have diag-�

nostic and therapeutic relevance, as dis-
cussed above             

   Molecular Abnormalities not 
Associated with Speci fi c Histology 

    EGFR family• 
   The EGFR (epidermal growth factor recep- –
tor) family, also known as the ERBB or 
HER family, is a group of transmembrane 
receptors which include both EGFR and 
HER2 (ERBB2)  
  Activation of EGFR family receptors by  –
ligand binding leads to the activation of 
multiple different signaling pathways, 
including  MAPK  and  PI3K/Akt2/PTEN , 
with resulting effects on cell survival, pro-
liferation, and differentiation (Fig.  7.2 )   
  Frequency of abnormalities –

   Ampli fi cation of  � EGFR  has been found 
in up to 22% of ovarian cancers overall 
(Stadlmann et al.  2006  ) 

   Activating mutations may also be seen     �
  Ampli fi cations of  � HER2  have been 
found in 23% of borderline tumors and 
8–66% of ovarian carcinomas, both of 
various subtypes (Ross et al.  1999  ) 

   No correlation has generally been �
found between gene ampli fi cation 
and tumor type, stage, or grade        

  Immunohistochemical  fi ndings –
   EGFR expression by immunohis-�

tochemistry has been found in as many 
as 64.5% of invasive ovarian carcinomas 
overall, including mucinous, serous, and 
endometrioid carcinomas (Vermeij et al. 
 2008  )      

  Clinical implications –
   There may be a role for EGFR inhibitors �

in patients with  EGFR  mutations, 
although the evidence remains unclear

   The response rate has been relatively �
low (Gordon et al.  2005  ) , possibly 
due to the fact that the mutations 
most often found in ovarian cancers 
are not the same as those found in 
non-small cell lung cancers     

  EGFR expression has been associated �

with poor outcome in multiple studies, as 
well as with higher tumor grade, abnormal 
 TP53  expression, larger residual tumor 
size, and a higher proliferation index  
  The  fi nding of a greater frequency of �

 HER2  ampli fi cation in higher stage 
tumors in one study suggests that this 
may be a marker of poor prognosis 
(A fi fy et al.  1999  )   
  Trastuzumab and pertuzumab are mono-�

clonal anti-HER2 antibodies commonly 
used in the treatment of  HER2 -ampli fi ed 
breast cancer

   In ovarian cancer, overall response �
rates for these two drugs individually 
have been relatively low, but recent 
evidence suggests a potentially 
greater response rate using both in 
combination (Faratian et al.  2011  )            

  DNA methylation• 
   DNA methylation is an epigenetic alteration  –
which has been shown to occur aberrantly in 
a wide variety of human neoplasms  
  Global hypomethylation results in the  –
activation of oncogenes, while tumor 
suppressor genes can be silenced via 
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hypermethylation of CpG islands within 
their promoter regions  
  Hypermethylation of various genes has  –
been described in ovarian cancers

   For example, promoter hypermethyla-�

tion of speci fi c genes ( CDKN2, 
E-cadherin, RAR- b (beta), H-cadherin, 
APC, GSTP1, MGMT,  and  RASSF1A ) 
increases in frequency from benign cys-
tadenomas to invasive carcinomas     

  Hypomethylation has also been shown to  –
progressively increase from nonneoplastic 
ovarian tissue to carcinoma  
  Other examples of aberrant methylation  –
status have been discussed earlier in rela-
tion to speci fi c genetic loci  
  Clinical implications –

   The detection of DNA methylation status �

has promising potential as a screening 

tool, particularly with the development 
of sensitive assays to detect the methyla-
tion status of multiple genes, and the 
potential to detect biomarkers in  fl uids 
draining the tumor site  
  Strong hypomethylation in ovarian can-�

cer tissue has been associated with 
advanced stage and high grade           

   Conclusions 

    Studies of the molecular characteristics of ovar-• 
ian cancer have led to numerous new insights 
into the pathophysiology of this disease  
  Differences in the involved molecular path-• 
ways have supported the division of epithe-
lial ovarian cancers into type I tumors, which 
are slow-growing tumors thought to develop 

  Fig. 7.2    Interaction of pathways involved in the pathogenesis of LGSC and other type I tumors. (Reprinted from 
Human Pathology, Kurman and Shih  (  2011  ) , with permission from Elsevier)       
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in a stepwise manner from benign and bor-
derline precursors, and type II tumors, which 
are more aggressive and arise in a de novo 
fashion  
  Although there is much overlap in the molecu-• 
lar pathways involved in the various ovarian 
tumor types, each histologic type is associated 
with certain characteristic abnormalities  
  These insights into the speci fi c aberrations • 
present in each ovarian cancer histotype have 
translated into insights on new diagnostic, 
therapeutic, and prognostic modalities  
  Continued efforts to better understand the • 
molecular characteristics of ovarian cancer 
promise to offer further insights into its 
pathophysiology and best clinical manage-
ment, with the hopes of ultimately reducing 
the burden of this high-mortality disease         
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    Introduction 

   Overview of Endometrial Carcinoma 

    In Western countries, endometrial carcinoma • 
(EC) is the most common cancer of the female 
genital tract accounting for 10–20 per 100,000 
person-years  
  EC occurs in peri- and postmenopausal women, • 
although it may also develop in premeno-
pausal women, particularly in the setting of 
hyperestrogenism and hereditary nonpolyposis 
colon cancer (HNPCC) syndrome  
  Etiological factors include unopposed estrogenic • 
stimulation (anovulatory cycles, estrogen 
administration), obesity, tamoxifen treatment, 
or insulin resistance  
  From a clinical viewpoint, EC falls into two dif-• 
ferent types (types I and II) (Tables  8.1  and  8.2 )  
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   Type I tumors are low-grade and estrogen- –
related endometrioid endometrial carcinomas 
(EECs) that usually develop in perimeno-
pausal women and coexist with or are pre-
ceded by endometrial hyperplasia  
  Type II tumors are high-grade nonendometri- –
oid endometrial carcinomas (NEECs) (mainly 
serous and clear cell carcinomas), unrelated 
to estrogen stimulation, which may arise in 
endometrial polyps or from precancerous 
lesions that develop atrophic endometrium, 
and tend to occur in older women (Fig.  8.1 )      

  Whereas the vast majority of type I carcinomas • 
are cured by hysterectomy, type II carcinomas 
are very aggressive tumors that require adju-
vant therapy     

   Type I Pathology 

    Type I tumors usually develop in perimeno-• 
pausal women in the setting of hyperestro-
genism, obesity, and diabetes. Pathologically, 
these tumors are EECs, variants of EECs, and 
mucinous carcinomas  
   Although a proportion of EECs arise from • 
endometrial hyperplasia, in many cases the 
nonneoplastic endometrium appears atrophic 
or weakly proliferative  

   EECs are the most common histological type • 
of EC (80%) (Fig.  8.1a )

   EECs show a wide spectrum of morpho- –
logical features including villoglandular 
pattern, squamous differentiation, secre-
tory change, ciliated cells, or other appear-
ances (sertoliform, microglandular, with 
small nonvillous papillae, mucin-rich, and 
oxyphilic type)     

  Well-differentiated EEC contains complex • 
glandular structures that resemble to those of 
the normal proliferative endometrium but are 
closely packed (back to back) (Fig.  8.1a )

   Complexity of the glandular elements  –
increases in high-grade tumors which may 
show gland fusion and cribriforming or 
may grow in sheets     

  EECs with squamous differentiation account • 
for 25–50% of EECs

   The presence of squamous differentiation  –
does not affect prognosis     

  The villoglandular variant accounts for 15–30% • 
of all EEC

   These tumors are low-grade neoplasms  –
composed of long, slender, delicate papil-
lae with thin  fi brovascular cores  
  Although tumors can be purely villoglan- –
dular, they often contain areas of typical 
EEC in the myoinvasive front     

  The secretory variant of EEC, also called, • 
secretory adenocarcinoma, is very uncom-
mon. The tumor glands are composed of cells 
with large subnuclear vacuoles, similar to 
those of early secretory phase endometrium

   Prognosis is similar to that of well-  –
differentiated EEC     

  Mucinous carcinoma of the endometrium • 
accounts for less than 10% of all EC

   Table 8.1    Clinicopathological features of types I and II endometrial carcinomas   

 Type I  Type II 

 Age  Pre- and perimenopausal  Postmenopausal 
 Unopposed estrogen  Present  Absent 
 Hyperplasia precursor  Present  Absent 
 Grade  Low  High 
 Myometrial invasion  Minimal  Deep 
 Histologic type  Endometrioid  Nonendometrioid 
 Behavior  Stable  Progressive 

   Table 8.2    Genetic alterations of endometrial carcinomas   

 Type I  Type II 

 Microsatellite instability  TP53 

 PTEN  LOH 
 KRAS  p16 

 Beta-catenin (CTNNB1)  E-cadherin 
 PIK3CA  c-erb B2 

 ARID1A  STK15 
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   These tumors share clinical features with  –
EEC, which almost always contain mucin-
producing cells  
  Mucinous carcinoma shows intracytoplas- –
matic mucin in at least 50% of the tumor cells        

   Type II Pathology 

    Type II tumors (NEEC) are high-grade inva-• 
sive serous and clear cell carcinomas  
  Serous carcinoma, which is the prototype of • 
NEEC, accounts for 5–10% of ECs

   Histologically, it shows thick,  fi brotic, or edem- –
atous papillae with prominent strati fi cation 
of tumor cells and cellular budding  

  There are often anaplastic cells with large,  –
eosinophilic cytoplasm (Fig.  8.1b )  
  The tumor usually invades the myometrium  –
deeply and there is extensive lymphovascu-
lar space  invasion  
  Multicentric involvement of other parts of the  –
female genital tract and extrauterine spread 
may be found at the time of diagnosis     

  NEECs are not preceded by endometrial • 
hyperplasia

   The “precursor” of serous carcinoma is  –
thought to be the so-called  endometrial intra-
epithelial carcinoma  (SEIC). However, SEIC 
has metastatic potential.     

  Fig. 8.1    ( a ) Endometrioid carcinoma. ( Upper left ) 
Polypoid tumor with only super fi cial myometrial inva-
sion. ( Upper right ) Well-differentiated (grade 1) adeno-
carcinoma. ( b ) Nonendometrioid carcinoma. ( Lower left ) 
Large hemorrhagic and necrotic tumor with deep myome-

trial invasion. ( Lower right ) Serous carcinoma (grade 3) 
exhibiting strati fi cation of anaplastic tumor cells and 
abnormal mitoses. (Reprinted from Diagnostic 
Histopathology, Catasus et al.  (  2009b  ) , pp. 556–563, with 
permission from Elsevier)       
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  Clear cell adenocarcinoma is also considered • 
a type of NEEC

   The endometrial tumor is similar to clear  –
cell carcinomas of the ovary or cervix and 
comprises about 5% of all EC  
  Microscopically, clear cell adenocarcino- –
mas are characterized by a variety of pat-
terns such as solid, papillary, glandular, 
and tubulocystic  
  Tumor cells may exhibit a prominent clear  –
appearance, with abundant glycogen, and a 
hobnail con fi guration        

   Distinction Between Type I and Type II 

    Distinction between EEC and NEEC is  usually • 
done by microscopic examination

   Differential diagnosis may be dif fi cult and sub- –
jected to interobserver variation in some cases  
  Immunohistochemistry can be of help      –

  The typical immunohistochemical pro fi le of • 
EEC includes positive immunoreaction for 
cytokeratins, vimentin, and estrogen and pro-
gesterone receptors  
  The typical immunohistochemical pro fi le for • 
serous carcinoma includes strong immunore-
action for p53 and p16

   Whereas p53 is expressed in only 10–35%  –
of EEC––usually in high-grade tumors––
70–90% of serous carcinomas show p53 
immunoreaction  
  Similarly, p16 shows patchy, weak to mod- –
erate staining in EEC but diffuse and strong 
immunoreaction in 95% of serous 
carcinomas     

  Other potentially useful markers include beta-• 
catenin, PTEN, and E-cadherin

   Nuclear immunoreaction for beta-catenin  –
and inactivation (lack of immunoreaction) 
of the PTEN tumor suppressor gene are 
seen in EEC  
  Lack of membranous immunoreaction for  –
E-cadherin is seen in serous carcinomas  
  The squamous morules of complex atypi- –
cal hyperplasia and well-differentiated 
adenocarcinoma typically show nuclear 
immunoreaction for beta-catenin  

  Negative beta-catenin immunoreaction in  –
curettings is frequently followed by the 
 fi nding of invasive carcinoma (with  PTEN , 
 RAS , and  PIK3CA  mutations/alterations) in 
the corresponding hysterectomy specimen     

  Recently, IMP2 has been proposed as a marker • 
of serous carcinomas of the endometrium      

   Type I Molecular Features 

    The molecular alterations involved in the • 
development of EEC differ from those of 
NEEC. cDNA analysis has clearly shown that 
EEC and NEEC exhibit different gene expres-
sion pro fi les (Fig.  8.2 )   
  EEC show microsatellite instability (MI), and • 
mutations in the  PTEN, KRAS, PIK3CA , and 
beta-catenin genes  
  NEECs exhibit alterations of  • TP53 , loss of 
heterozygosity (LOH) on several chromo-
somes (chromosomal instability), as well as 
other molecular alterations ( STK15, p16 , 
E-cadherin, and  C-erbB2 )    

   Microsatellite Instability 

    MI has been demonstrated in 75% of EC asso-• 
ciated with hereditary nonpolyposis colon 
cancer (HNPCC) as well as in 25–30% of 
sporadic EC  

  Fig. 8.2    Microsatellite instability in hereditary and spo-
radic endometrial carcinoma       
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  The MI-associated mismatch repair • 
de fi ciency leads to accumulation of muta-
tions in repetitive DNA sequences; i.e., 
microsatellites  
  EC patients from HNPCC kindreds have an • 
inherited germline mutation in  MLH-1, MSH-
2, MSH-6 , or  PMS-2 ; nevertheless, EC only 
develops after instauration of a deletion or 
mutation in the contralateral  MLH-1, MSH-2, 
MSH-6, or PMS-2  allele in endometrial cells 
(Fig.  8.2 )  
  In sporadic EC, MI occurs more frequently in • 
EEC (30%) than in NEEC

   In sporadic tumors, the main cause of mis- –
match repair de fi ciency is  MLH-1  inacti-
vation by promoter hypermethylation  
  Abnormal methylation of   – MLH-1  may also 
be detected in atypical hyperplasia, sug-
gesting that it may be an early event in the 
pathogenesis of EEC that precedes the 
development of MI (Fig.  8.2 )     

  The prognostic signi fi cance of MI is • 
controversial

   There is convincing evidence for its asso- –
ciation with adverse prognostic factors 
such as high histological grade     

  Mutations in some repetitive mononucle-• 
otide tracts located within the coding 
sequence of some genes involved in cell pro-
liferation, cell differentiation, DNA-repair, 
and apoptosis, such as  BAX, IGFIIR, hMSH3, 
hMSH6, MBD4, CHK-1, CASP-5, ATR, 
ATM, BML, RAD-50, BCL-10 , and  APAF-1 , 
are secondary events in EC with MI 
(Fig.  8.3 )   
  EEC is frequent in patients with HNPCC• 

   Characteristic microscopical features of  –
EEC arising in this setting are

   Poor differentiation   °
  Crohn-like lymphoid reaction   °
  Lymphangioinvasive growth   °
  Tumor in fi ltrating lymphocytes      °

  Fig. 8.3     MLH1  inactivation by promoter hypermethyla-
tion is the most common cause of the MI phenotype in 
endometrial carcinoma. Progressive accumulation of 
alterations secondary to MI affects important regulatory 
genes, and promotes carcinogenesis.  BAX  somatic frame-

shift mutations are heterogeneously distributed through-
out the tumor and provide selective growth advantage. 
(Reprinted from Diagnostic Histopathology, Catasus et al. 
 (  2009b  ) , pp. 556–563, with permission from Elsevier)       
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  Immunoreaction for   – MLH-1, MSH-2, PMS-
2, or MSH-6  may be helpful in the evalua-
tion of cases  
  Occasionally, NEEC has been described in  –
HNPCC patients, but these tumors usually 
show mixed areas, combining NEEC with EC         

   Phosphatase and Tensin Homolog 
(PTEN) 

     • PTEN  is frequently abnormal in EC
   LOH at chromosome 10q23 occurs in 40%  –
of EC  
  Somatic   – PTEN  mutations are common in EC  
  They are almost exclusively restricted to EEC  –
and occur in 37–61% of cases (Fig.  8.4 )      

  Concordance between MI status and  • PTEN  
mutations suggests that  PTEN  could be a 
likely candidate to be targeted for mutations in 
the MI-positive EC  
   • PTEN  mutations have been detected in endo-
metrial hyperplasias with and without atypia 
(19% and 21%, respectively), both regarded as 
precursors of EEC  
  Although the prognostic signi fi cance of  • PTEN  
mutations in EC is controversial, their 

 association with favorable prognostic factors 
has been reported

   It has been suggested that EECs with   – PTEN  
mutations have genomic instability, which 
is the rational for administrating PARP 
inhibitors     

  In agreement with Knudson’s two-hit pro-• 
posal, LOH at 10q23 frequently coexists with 
somatic  PTEN  mutations

   The coexistence of both alterations leads to  –
activation of the PI3K/AKT pathway, 
which plays a key role in the regulation of 
cellular homeostasis (Fig.  8.5 )         

   Phosphatidylinositol-4,5-Bisphosphate 
3-Kinase, Catalytic Subunit Alpha 
(PIK3CA) 

    Mutations in  • PIK3CA  (p110 a ) (alfa) contrib-
ute to the alteration of the  PI3K/AKT  signaling 
pathway in EC (Fig.  8.5 )

   They are predominantly located in the heli- –
cal (exon 9) and kinase (exon 20) domains, 
but can also occur in exons 1–7  
    – PIK3CA  mutations are infrequent in endo-
metrial hyperplasia     

  Fig. 8.4     PTEN  inactivation may occur by several mecha-
nisms such as mutation, LOH at 10q23, and promoter 
hypermethylation. (Reprinted from Diagnostic 

Histopathology, Catasus et al.  (  2009b  ) , pp. 556–563, with 
permission from Elsevier)       
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   • PIK3CA  mutations occur in 24–39% of the cases, 
and frequently coexist with  PTEN  mutations

     – PIK3CA  mutations, particularly in exon 20, 
have been associated with adverse prognos-
tic factors such as high histological grade and 
myometrial invasion Catasus  et al. ( 2008 )  
  Simultaneous alterations in both   – PI3K/AKT  
and the  TP53  pathways have a negative 
effect on prognosis and are associated with 
lower survival     

  Although initially described in EEC,  • PI3KCA  
mutations also occur in NEEC, and also in 
mixed EEC–NEEC  
  Gene expression pro fi le differences in the • 
 PI3K/AKT  signaling pathway identify two 
subgroups of high-grade endometrial carcino-
mas with different molecular alterations 
(PI3K/AKT pathway vs. p53 alterations) that 
may have distinct roles in endometrial car-
cinogenesis (Fig.  8.6 ) Catasus et al. ( 2010 )   
  Mutations in  • PIK3RI  (p85 a ) (alfa), the inhibi-
tory subunit of  PI3K , have been detected in 
43% of EEC, and 12% of NEEC

   Distribution of   – PIK3R1  mutations is non-
random; most mutations are localized to 
the p85 a -nSH2 (alfa) and -iSH2 domains 
that mediate binding to p110 a  (alfa)     

  In EEC,  • PIK3R1  mutations frequently coexist 
with  PTEN  and  KRAS  mutations but tend to 
be mutually exclusive with PIK3CA 
mutations    

   RAS–MAPK Pathway 

    The RAS–RAF–MEK–ERK signaling path-• 
way plays an important role in endometrial 
tumorigenesis (Fig.  8.7 )   
  The frequency of  • KRAS  mutations in EC 
ranges between 10 and 30%

   In some series,   – KRAS  mutations are more 
frequent in EEC with microsatellite 
instability     

   • RASSF1A  inactivation by promoter hyperm-
ethylation may contribute signi fi cantly to 
increase the activity of the RAS–RAF–MEK–
ERK signaling pathway  
  EC frequently shows inactivation of  • SPRY-2  
by promoter methylation

     – SPRY2  is involved in the negative regula-
tion of the FGFR pathway  
  Reduced SPRY2 immunoexpression is  –
seen in almost 20% of EC, and is strongly 
associated with increased cell proliferation     

  Somatic mutations in the receptor tyrosine • 
kinase  FGFR2  have been recently found in 
10–12% of EC, particularly in EEC (16%)

     – FGFR2  mutations and  KRAS  mutations are 
mutually exclusive events        

   Beta-Catenin 

    The beta-catenin gene ( • CTNNB1 ) maps to 
3p21

   Appears to be important in the function of  –
both APC and E-cadherin  
  A component of the E-cadherin–catenin  –
unit, important for cell differentiation and 
maintenance of the normal tissue 
architecture  
  Important in signal transduction   –
  Increased cytoplasmic and nuclear levels  –
result in transcriptional activation through 
the  LEF/Tcf  pathway     

  Fig. 8.5    PI3K/PTEN function. Phosphorylation of PI3K 
converts phosphatidylinositol biphosphate (PIP2) into 
phosphatidylinositol triphosphate (PIP3) promoting cell 
proliferation and survival. PTEN negatively regulates 
PI3K signaling by dephosphorylation of PIP3. (Reprinted 
from Pathology, Prat et al.  (  2007  ) , with permission from 
Wolters Kluwer Health)       
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  Mutations in exon 3 of  • CTNNB1  occur in 
14–44% of EC and result in stabilization of 
the protein, cytoplasmic, and nuclear accumu-
lation (Fig.  8.8 ), and participation in signal 
transduction and transcriptional activation 
through the formation of complexes with 
DNA-binding proteins.  CTNNB1  mutations 
appear to be independent of MI and mutational 
status of  PTEN  and  KRAS    
  Although, there is a good correlation between • 
 CTNNB1  mutations and beta-catenin nuclear 
immunoreaction, other genes of the  Wnt/beta-
catenin/LEF-1  pathway may be responsible 

for the stabilization and putative transcription 
activator role of beta-catenin in EEC  
  Beta-catenin alterations have been described • 
in endometrial hyperplasias and grade 1 
EECs that contain squamous metaplasia 
(morules)

   They are typically absent in metastatic EC  –
and help in the identi fi cation of synchro-
nous independent primary EECs of uterus 
and ovary     

  Prognostic signi fi cance of beta-catenin muta-• 
tions in EC is controversial; however, tend to 
occur in tumors with favorable prognosis      

  Fig. 8.6    Hierarchical clustering analysis of mRNA 
expression of 19 genes in 38 endometrial carcinomas. 
Upregulated and downregulated expression is indicated as 
 red  and  green cubes , respectively. Genes that did not vary 
in their expression level are shown in black and genes 
with unsatisfactory results are labeled in gray. Enclosed in 

the clustering image, results of TP53, p16, PIK3CA, 
PTEN, and MI analysis as well as clinicopathological 
parameters, such as high-grade (grade 3), nonendometri-
oid, high-stage (stage 2 or higher), myometrial invasion 
(450%), and vascular invasion, are graphically represented 
for each case       
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   Type II Molecular Features 

   TP53 

    Whereas  • TP53  mutations occur in over 90% 
of serous carcinomas, they are present in only 
10–20% of EEC, mostly grade 3 tumors 
(Fig.  8.9 )

      – TP53  mutations are infrequent (<5%) in 
clear cell carcinomas     

  P53 protein can induce apoptosis or prevent • 
a cell from dividing if there is DNA 
damage

   Mutation of the   – TP53  gene diminishes the 
cell’s ability to repair DNA damage before 
entry to S-phase, leading to a greater 
chance that mutations will be  fi xed in the 
genome and passed to successive genera-
tions of cells        

   Other Alterations 

    Inactivation of the cell cycle regulator  • p16  is 
also more frequent in NEEC (40%) than in 
EEC (10%)

   Although the underlying mechanism is  –
unclear, it probably involves deletion and 
promoter hypermethylation     

  Reduced expression of E-cadherin is frequent • 
in EC, and may be caused by LOH or pro-
moter hypermethylation

   LOH at 16q22.1 is seen in almost 60% of  –
NEEC but only in 22% of EEC     

   • C-erbB2  overexpression and ampli fi cation are 
seen more frequently in NEEC (43%) than in 
EEC (29%)  
  NEEC shows chromosomal instability, wide-• 
spread chromosomal gains and losses, and 
aneuploidy  

  Fig. 8.7    PI3K-AKT, and RAS-MAPK signaling pathways (Reprinted from Diagnostic Histopathology, Catasus et al. 
 (  2009b  ) , pp. 556–563, with permission from Elsevier)       
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  Fig. 8.8    ( a ) CTNNB1 (b-catenin gene) mutations shown 
by SSCP with abnormal extra band and ( b ) corresponding 
partial representative nucleotide sequence demonstrating 
a missense mutation in exon 3. Different patterns of 
b-catenin immunostaining in endometrioid carcinoma; ( c ) 

membranous immunoreaction, ( d ) membranous immu-
nostaining with occasional positive nuclei, and ( e ) mem-
branous and nuclear immunostaining in squamous 
morules. (Reprinted from Pathology, Prat et al.  (  2007  ) , 
with permission from Wolters Kluwer Health)       

  Fig. 8.9    MI, and  PTEN ,  PIK3CA ,  KRAS ,  CTNNB1  (beta-
catenin), and  TP53  mutations are the most common 
molecular genetic alterations in endometrial carcinomas; 
 EEC  endometrioid endometrial carcinoma;  NEEC  nonen-

dometrioid endometrial carcinoma. (Reprinted from 
Diagnostic Histopathology, Catasus et al.  (  2009b  ) , 
pp.  556–563, with permission from Elsevier)       
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  cDNA arrays have demonstrated that NEECs • 
usually show overexpression of genes ( STK-
15, BUB1, CCNB2 ) involved in the regulation 
of the mitotic spindle checkpoint

   One of these genes,   – STK-15 , essential for 
chromosome segregation and centrosome 
functions, is frequently ampli fi ed in NEEC 
(60%)     

  New biomarkers of serous carcinoma are • 
EpCAM, claudin-3, and claudin-4 receptors, 
serum amyloid A, folate-binding protein, 
mesothelin, LRP-1, and IMP2  
  Clear cell carcinomas (NEECs) show speci fi c • 
features including lack of  TP53  alterations 
and, possibly, mutations in  PIK3CA  and 
 PTEN , as well as immunoreactivity for hepa-
tocyte nuclear factor (HNF1 b ) (beta)  
  Mutation of the AT-rich interactive domain-• 
containing protein 1A ( ARID1A ) gene and 
loss of the corresponding protein BAF250a 
have recently been described as a frequent 
event (almost 50% of cases) in clear cell and 
endometrioid carcinomas of the ovary

   This mutation has also been found in 29%  –
of grade 1 or 2, and 39% of grade 3, endo-
metrioid carcinomas of the endometrium; 
18% of uterine serous carcinomas, and 
26% of uterine clear cell carcinomas  
  Uterine low-grade endometrioid carcino- –
mas frequently exhibit loss of  ARID1A  
expression (26%)         

   Molecular Features of Tumors not 
Fitting in the Dualistic Model 

    Classi fi cation of EC into type I and type II is • 
arti fi cial and the dualistic model has recently 
been challenged

   In daily practice, pathologists are faced  –
with ECs showing combined or hybrid 
morphologic and molecular characteristics 
(often EEC and serous carcinomas) 
(Fig.  8.10 )   
  Furthermore, even though serous and clear  –
cell carcinomas have been classi fi ed within 
the same category of tumors (NEECs), 
recent studies have shown that these are in 

fact distinct tumor types that exhibit differ-
ent clinical, immunohistochemical, and 
molecular features       

   Mixed Endometrioid–Nonendometrioid 
Adenocarcinomas 

    ECs showing an admixture of EEC and • 
NEEC (serous and/or clear cell carcinomas) 
with the minor component representing at 
least 10% of the neoplasm are classi fi ed as a 
mixed carcinomas and prognosis depends on 
the proportion of the most aggressive 
component  
  It has been suggested that, in mixed carcino-• 
mas, the NEEC component develops as a 
result of tumor progression––through  TP53  
and  PIK3CA  mutations––from a preexisting 
EEC, since these tumors frequently retain the 
molecular alterations of typical EEC 
(Fig.  8.11 ) 

   This hypothesis would explain not only  –
the existence of mixed EEC–NEEC, but 
also the presence of MI, as well as altera-
tions in  PTEN, KRAS , or beta-catenin, in 
NEEC     

  Mixed EEC–NEEC may exhibit overlapping • 
features with EEC (mixed EEC–NEEC mor-
phology, early age at presentation, evidence of 
estrogen stimulation or preexisting hyperpla-
sia, coexistence of  TP53  mutations, and MI or 
 PTEN  mutations)     

  Fig. 8.10    A signi fi cant number of EC show combined 
morphologic and molecular features of EEC and NEEC       
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   Endometrioid Carcinomas with 
Ambiguous Features 

    Some ECs exhibit overlapping or intermediate • 
features between EEC and NEEC

   In these tumors, it is not possible to delin- –
eate two different components; i.e., one of 
EEC, and another of NEEC  
  The term “EC with ambiguous features”  –
has been proposed for such cases     

  Although the features of these tumors need to • 
be better de fi ned, the term EC with ambiguous 
features can be applied to ECs that exhibit 
architectural pattern typical of low-grade EEC, 
but high-grade nuclear features, as seen in 
NEEC

   These tumors tend to behave more aggres- –
sively than conventional EEC and occa-
sionally show the molecular alterations of 
NEEC     

  Another controversial issue is the gray zone • 
between high-grade (predominantly solid) 
EEC, and NECC

   Differential diagnosis between these two  –
tumor types is dif fi cult  
  Some high-grade EECs exhibit the typical  –
molecular alterations of NEEC, such as 
 TP53  mutations        

   Undifferentiated Carcinoma and 
Dedifferentiated Carcinoma 

    The World Health Organization (WHO) • 
de fi nes undifferentiated carcinoma (UC) of 
the endometrium as an epithelial tumor that 
fails to show evidence of either glandular or 
squamous differentiation

   UC represents 1–10% of ECs      –
  UC is characterized by a monotonous prolif-• 
eration of medium-sized, epithelial cells grow-
ing in solid sheets

   The tumor cells have enlarged nuclei with  –
prominent nucleoli  
  UC is associated with poor prognosis in the  –
vast majority of the cases

   Over 50% of cases present with advanced  °
stage disease and 75% of patients die of 
tumors        

  Occasionally, UC arises from preexisting • 
well- or moderately differentiated EEC

   The term   – dedifferentiated carcinoma  
(DDC) has been used to designate this type 
of EC  
  Prognosis of DDC is identical to that  –
of UC  
  In DDC, the undifferentiated component is  –
regarded as a result of tumor progression 
from the coexisting low-grade EEC     

  Microsatellite instability is the predominant • 
molecular feature of DDC

    – TP53 mutations may also be found        

   Malignant Mixed Müllerian Tumors 

    Malignant mixed müllerian tumors (MMMT), • 
also called uterine carcinosarcomas, represent 
less than 5% of ECs

   Composed of a biphasic pattern, with  –
malignant epithelial elements and a sar-
comatous component  
  Epithelial elements have usually the fea- –
tures of NEEC, but may also have the 
appearance of EEC  
  Sarcomatous component may be either  –
homologous or heterologous     

  Fig. 8.11    Pathogenesis of endometrial carcinoma: an 
alternative to the dualistic model. Ca, carcinoma; NE, nor-
mal endometrium. (Reprinted from Diagnostic 
Histopathology, Catasus et al.  (  2009b  ) , pp. 556–563, with 
permission from Elsevier)       
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  Even if MMMT is currently classi fi ed as ECs, • 
it should be regarded as a special type since it 
is associated with worse prognosis than that of 
the ordinary EC

   The metastatic pattern of MMMT supports  –
the theory of a neoplasia driven by the epi-
thelial component

   Myometrial in fi ltration, lymphovascular  °
involvement, and metastases display more 
often the epithelial elements than the sar-
comatous components of the tumor        

  Immunohistochemical and molecular genetics • 
studies support the clonal nature of the two––
epithelial and mesenchymal––components in 
MMMT, supporting the hypothesis that they 
represent in fact metaplastic (sarcomatoid) 
carcinomas

   Expression of epithelial markers in the sar- –
comatous components occurs in a large 
proportion of cases     

  MMMT cell lines are capable of differentiat-• 
ing into epithelial, mesenchymal, or both 
components

   Chromosome X inactivation studies, LOH,  –
and gene mutation analyses all have shown 
that the epithelial and mesenchymal ele-
ments share common genetic alterations     

  MMMT probably occurs through epithelial to • 
mesenchymal transition (EMT) in ECs

   EMT is a process of cellular trans-differen- –
tiation in which epithelial cells lose polar-
ity and cell–cell contacts, reorganize their 
cytoskeleton, and acquire expression of 
mesenchymal phenotype     

  MMMT show expression of genes that repress • 
epithelial markers (E-cadherin) and enhance 
expression of mesenchymal markers, includ-
ing proteins involved in skeletal muscle 
development

   MMMT have revealed a microRNA signa- –
ture typical of EMT Castilla et al. ( 2011 )         

   cDNA Array Results 

    cDNA array studies have demonstrated that • 
the expression pro fi ling of EEC differs from 
that of NEEC

   In one study, 191 genes exhibited greater  –
than twofold differences between 10 EECs 
and 16 NEECs

   One of the genes,   ° TFF3 , was signi fi cantly 
upregulated in EECs, while increased 
expression of  FOLR  was seen in NEECs        

  In another study, different expression pro fi le • 
involving 66 genes was seen in EEC and NEEC

   Estrogen-regulated genes were upregulated  –
in EEC  
  NEEC showed increased expression of  –
genes involved in the regulation of the 
mitotic spindle checkpoint     

  Differential expression of 1,055 genes between • 
EECs and serous carcinomas was seen in 
another investigation

   Genes upregulated in serous carcinomas  –
were  IGF2, PTGS1 , and  p16      
  Genes upregulated in EEC included   – TFF3, 
FOXA2 , and  MSX2      

  Another analysis identi fi ed 315 genes that sta-• 
tistically distinguished EEC from NEEC  
  ECs with microsatellite instability and stable • 
ECs also have different gene expression 
pro fi les

   Two members of the secreted frizzled  –
related protein family (SFRP1 and SFRP4) 
are downregulated more frequently in EC 
with microsatellite instability     

  Ovarian and uterine tumors with beta-catenin • 
alterations show similar gene expression 
pro fi le  
  The gene expression pro fi les of similar histo-• 
logical subtypes of ovarian and endometrial car-
cinomas show that clear cell carcinomas have 
similar pro fi le regardless of the organ of origin

   Differences were seen when comparing  –
endometrioid and serous carcinomas of 
ovarian and endometrial origin        

   Molecular Alterations in Myometrial 
Invasion 

   Overview on Myometrial Invasion 

    Deep myometrial invasion is an important • 
prognostic factor of EC
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   Usually correlates with high histological  –
grade, vascular invasion, cervical involve-
ment, and lymph node metastasis  
  Associated with high risk of recurrence      –

  EEC may exhibit various patterns of myome-• 
trial invasion, including diffuse in fi ltration or 
expansile-type invasion

   A distinctive pattern of myometrial invasion  –
designated  microcystic, elongated, and frag-
mented  (MELF) change shows glands lined 
by attenuated epithelium with luminal neu-
trophilic in fi ltrate resembling endothelium  
  MELF most likely represents EMT and is  –
highlighted by the low-molecular-weight 
cytokeratin CK19        

   Epithelial to Mesenchymal Transition 

    EMT is a process whereby epithelial cells lose • 
polarity and cell–cell contacts, undergo 
remodeling of the cytoskeleton, acquire migra-
tory abilities and a mesenchymal-like gene 
expression program  
  Although EMT is a well-known mechanism • 
for interconversions between epithelium and 
mesenchyme during embryonic development, 
EMT has recently been recognized as an 
important phenomenon that participates in 
invasion and metastasis  
  EMT can be induced by different signals and • 
pathways, such as those mediated by TGF b  
(beta), tyrosine kinase receptors, and/or Wnt, 
depending on the speci fi c cellular context

   Activation of one or more of these pathways  –
frequently converges in a group of transcrip-
tion factors such as  SNAIL1, SLUG, ZEB1, 
ZEB2, E47, E2-2 , and  TWIST , most of them 
capable of repressing E-cadherin, a master 
regulator of cell adhesion and polarity     

  • SNAIL protein expression is increased, and 
correlates inversely with E-cadherin immuno-
reactivity, in metastatic EC but not in the cor-
responding primary tumors  
  By protein microarray analysis, a signi fi cantly • 
negative correlation between E-cadherin pro-
tein decrease and SNAIL expression has also 
been demonstrated in primary EEC

   High  – TWIST  expression occurs in invasive 
EC and affects patient survival     

  Comparison between EC samples from the • 
most super fi cial tumor and the myoinvasive 
front has shown increases in  SNAIL, SLUG, 
HMGA2 , and  TWIST  mRNA expression, and 
decrease in E-cadherin expression, at the myo-
invasive front Montserrat et al. ( 2011 )  
  EMT features are particularly evident in EECs • 
exhibiting MELF pattern of myometrial inva-
sion at the invasive front     

   ETS Transcription Factors 

    ETS transcription factors activate matrix-• 
degrading proteases and are related to EMT

   Upregulation of ERM/ETV5, an ETS tran- –
scription factor, is associated with early myo-
metrial invasion and correlates with increased 
matrix metalloproteinase (MMP)-2     

  Higher expression of matrix metalloproteinases • 
(MMP-2, MMP-9) in EC is associated with 
invasive and aggressive behavior in NEEC

   Increases of MMP-7 have been seen, as a  –
result of beta-catenin nuclear accumula-
tion, in EC with  CTNNB1  mutations     

  Transcription factor RUNX1/AML1 is upreg-• 
ulated in EC during invasion

   A cooperative role of ERM/ETV5 and  –
RUNX1/AML1 has been proposed        

   Proteomics 

    Proteomic analysis shows differential protein • 
expression in super fi cial and invasive areas of EC

   Some of the proteins expressed in the inva- –
sive front, like Fascin1, have been associ-
ated with promotion of the acquisition of 
migratory and invasive phenotypes     

  Different enzymes involved in oxidative stress • 
(ROS), such as SOD1 and BLVRB, are prefer-
entially expressed at the myoinvasive front

   In the initial stages of EMT and cell migra- –
tion, ROS is generated and targets 
 downstream molecules which trigger tumor 
metastasis         
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   Apoptosis–Resistance 

   Overview of Apoptosis 

    Cell death is a phenomenon that commits irre-• 
versibly to loss of cellular functions

   Morphologically, cells that undergo apop- –
tosis frequently show cell volume shrink-
ing, chromatin condensation, nuclear 
fragmentation, and plasma membrane 
blebbing     

  Commonly, cell death occurring during men-• 
strual phase has been associated to a hormone-
dependent ischemic-derived necrosis

   Several evidences point to apoptosis as  –
another phenomenon with important impli-
cations in endometrium tissue remodeling 
by removing cells from functional layer     

  Deregulation of apoptosis plays an important • 
role in development and progression of 
cancer

   Cells resistant to apoptosis are likely to  –
have survival advantage, escape the immune 
surveillance, and may also be resistant to 
therapy     

  Apoptosis can be initiated by two main • 
mechanisms

   Intrinsic pathway—originated in the  –
mitochondria  
  Extrinsic pathway—triggered by the acti- –
vation of death receptors in the cell surface 
(Fig.  8.12 )         

   Members of the Bcl-2 Family 

    Members of the  • Bcl-2  family of genes are 
abnormal in EC

   Compared to normal tissue, there is upreg- –
ulation of  Bcl-xL  and  Bcl-2 , which is 
important for development of metastasis     

  Pathways that control Bcl-2 expression like • 
the PI3K/AKT pathway are abnormal in EC

   Other “noncanonical” molecular events,  –
such as NF- k B pathway, which plays an 
important role in EEC tumorigenesis, cor-
relate with strong immunoreactivity for 
Bcl-xL (Fig.  8.12 )     

  In normal endometrium, both • BAX and BAK 
are modulated during menstrual cycle and 
reach their higher levels in apoptotic epithelial 

  Fig. 8.12    Apoptosis: intrinsic (mitochondrial), and extrinsic (death receptor-initiated) pathways. (Reprinted from 
Pathology, Prat et al.  (  2007  ) , with permission from Wolters Kluwer Health)       
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cells at menstruation, indicating a potentially 
ovary-derived hormone-dependent regulation

   Lower to undetectable Bcl-2 protein levels  –
are detected in late secretory through men-
strual phases suggesting a direct relation-
ship between anti-apoptotic Bcl-2 proteins 
and BAX-like proapoptotic members in 
decision of cell fate     

   • BAX  is a target gene for mutations in EEC 
with microsatellite instability and may have a 
role in resistance to apoptosis in these tumors     

   Extrinsic Pathway 

    One of the most important regulators of death • 
receptor signaling is  FLIP , which shares high 
homology to caspase-8 but lacks proteolytical 
activity (Fig.  8.12 )

   Transfection of EC cell lines with   – FLIP  
siRNA results in a marked decrease in cell 
viability after  TRAIL  exposition  
  In EEC,   – FLIP  may be regulated by a cellu-
lar complex containing casein kinase 2 and 
kinase suppressor of RAS1 (CK2–KSR1)  
  CK2 beta regulatory subunit is overexpressed  –
in EC and regulates cell proliferation  
  The kinase suppressor of  – RAS1 (KSR1) is 
considered a scaffold protein that regulates 
the intensity and duration of the MAP 
kinase pathway  
  KSR1 interacts with different kinases of  –
the Raf/MEK/ERK signaling pathway to 
enhance its activation  
  KSR1 expression is increased in EC Llobet  –
et al. ( 2011 )         

   Resistance to Hypoxia and Radiation 
Therapy 

    EC is treated by surgery and adjuvant radiation• 
   Recurrence postradiotherapy is usually  –
associated with poor prognosis and 
increased risk of metastases  
  These tumors are treated by chemotherapy  –
(doxorubicine, cisplatin, paclitaxel)  

  Understanding the molecular and genetic  –
mechanisms underlying resistance to either 
radio and/or chemotherapy is crucial for 
the establishment of new therapeutic tar-
gets that improve outcome in EEC     

  Ionizing radiation (IR) causes lesions at the • 
DNA level, known as DNA single-strand 
breaks and double-strand breaks (DSBs)

   IR can rapidly prevent DNA replication by  –
activation of cell cycle checkpoints to avoid 
formation of toxic DNA replication 
lesions  
  The main signaling molecules involved in  –
the DNA damage response are the serine 
threonine kinases ATM and ATR

   ATM responds primarily to DNA DSBs   °
  ATR acts mainly in response to replica- °
tion fork stalling  
  Ionizing radiation also activates ATR         °

  In response to DSB, ATM and DNA-protein • 
kinases phosphorylate H2AX.  g -H2AX plays 
an essential role in the repair process regulat-
ing the recruitment of repair factors, such as 
Nbs1, 53BP1, and BRCA1, to foci located at 
DSB sites  
  Unrepaired DNA damage is measured by • 
H2AX phosphorylation ( g -H2AX), and 
 g -H2AX is used as a standard marker of unre-
paired double-strand DNA damage  
  Tumor hypoxia renders tumors more resistant • 
to IR treatment

   By reacting with the radiation-created bro- –
ken ends of DNA, oxygen  fi xes the damage 
and thus enhances radiation-induced cell 
death  
  The “oxygen enhancement effect” renders  –
oxygenated cells three times more radio-
sensitive than hypoxic cells  
  Under hypoxic conditions, the oxygen  –
enhancement effect is lost, and cells 
become more radio resistant     

  Low PR expression is associated with • 
recurrence

   PR expression in ECs from patients carry- –
ing one speci fi c DNA polymorphism (so-
called PROGINS allele) is predictive of the 
risk of recurrence     
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   • MLH-1  promoter methylation and decreased 
MLH-1/MSH-2 expression are not predictive 
of recurrence in stage I EC

   De novo   – MLH-1  promoter methylation is 
occasionally found during EC progression 
in patients receiving radiation therapy     

  p53 overexpression is signi fi cantly predictive • 
of recurrence in EC

   It does not correlate with   – TP53  mutations     
  Absence of E-cadherin expression predicts • 
distant metastasis but not local recurrence

   Nuclear immunoreaction of beta-catenin  –
does not predict recurrence     

  Immunohistochemical comparison of postra-• 
diation recurrent tumor and primary EC 
reveals increased nuclear expression of beta-
catenin in the recurrent tumors  
  HIF-1 • a  (alfa) is another candidate molecule 
for conferring radio resistance to EC cells

   HIF-1 is the most important mediator of  –
hypoxia and controls the expression of over 
100 genes  
  Compared to levels in primary EC, HIF-1  – a  
(alfa) expression increases in postradiation 
recurrences  
  HIF-1  – a  (alfa) controls classical NF- k  b  
(beta) activation pathway and survival 
under hypoxia through RelA (p65) nuclear 
accumulation  

  Possibly, HIF-1  – a  (alfa) expression results 
in increased radio resistance        

   Stem Cells 

    Somatic stem cells (SSC) are undifferentiated • 
cells present in most adult tissues

   SSC are de fi ned by their functions: high  –
proliferative potential, self-renewal, and 
differentiation into one or more lineages  
  Another property of SSC is the retention of  –
a DNA synthesis label (bromodeoxyuri-
dine—BrdU) for prolonged periods of time  
  The Hoechst dye exclusion is a good  –
method for the identi fi cation and isolation 
of stem cells in adult tissues  
  A side population (SP) can be identi fi ed by  –
dual-wavelength  fl ow cytometry after incu-
bating the target cells with the DNA-
binding dye Hoechst 33342 (Fig.  8.13 ) 
Cervello et al. ( 2011 )      

  Cancer stem cells (CSC) have been de fi ned in • 
analogy to SSC as cells that have the capacity 
to self-renew

   Undergo divisions that allow the genera- –
tion of more identical CSC and give rise to 
the variety of more differentiated cells 
found in the tumor     

  Fig. 8.13    The endometrial carcinoma cell line Ishikawa 
shows cancer stem cell features. Ishikawa cells can grow 
as  fl oating spheres ( a ). This cell line contains a side popu-
lation that excludes Hoescht stain. Q1, stained region; Q3, 

unstained region, side population ( b ). (Reprinted from 
International Journal of Gynecological Pathology, 
Cervello et al.  (  2011  ) , with permission from Wolters 
Kluwer Health)       

 



168 X. Matias-Guiu and J. Prat

  An epithelial and stromal SP has been • 
identi fi ed in human endometrium

   The mean percentage of SP cells in the epi- –
thelial fraction is 0.21% during the men-
strual phase, 0.15% during the proliferative 
phase, and 0.02% in the secretory phase  
  Currently, there are no markers for endome- –
trial epithelial stem cells and they cannot be 
distinguished from their mature progeny     

  SP cells have been identi fi ed in both human • 
primary ECs and some cell lines

   In vitro studies showed that AN3CA-SP  –
cells proliferate slower than the corre-
sponding non-SP fraction

   Cells showed long-term self-renewal  °
properties and accumulated in the G1 
phase of the cell cycle, suggesting they 
are in a dormant quiescent state     

  AN3CA-SP cells are resistant to paclitaxel  –
treatment compared to the non-SP subset

   No differences were observed with cisplatin         °
  Investigations with Hec-1 SP cells revealed • 
long-term proliferating and self-renewal 
capacity in vitro

   These cells initiate larger tumors than the  –
non-SP population and, more important, they 
undergo EMT during tumor development     

  To date, only one surface marker, the CD133/1 • 
epitope, has been proposed for identi fi cation 
and isolation of endometrial CSC

   CD133+ cells have been isolated from  –
Ishikawa, Hec1-A, RL-95, AN3CA, 
MFE280, and MFE296 cell lines  
  The ratio of positive cells differs between  –
lines, ranging from 0.38% to 15.5%  
  CD133+ cells showed higher proliferative  –
potential and tumorigenicity than the nega-
tive subset  
  There is no conclusive evidence that CD133  –
is the universal marker for endometrial CSC        

   Targeted Therapies 

    The importance of the PI3K/PTEN/AKT sur-• 
vival pathway in EC raises the possibility that 
PI3K inhibitors, such as Wortmannin and deriva-
tives, may be used as potential anticancer agents

   Decrease of Akt phosphorylation and  –
increased apoptosis are seen in mutated 
 PTEN  human endometrial cancer cells in 
the presence of PI3K inhibitor     

  ECs with  • PTEN  mutations show a high level 
of genetic instability similar to the one seen in 
breast and ovarian cancers with  BRCA-1  and 
 BRCA-2  alterations

   PARP inhibitors are used in the treatment of  –
patients with  PTEN -mutated Ecs (Table  8.3 )      

  mTOR is the downstream effector of AKT• 
   Upon activation, mTOR-Raptor activates  –
S6K and inhibits 4EBP1 to accelerate 
mRNA translation  
  Tumors associated with   – PTEN  inactivation 
are particularly susceptible to the therapeu-
tic effects of mTOR inhibitors (Table  8.3 )  
  Several mTOR inhibitors are available for  –
clinical trials: CCI-779 (temsirolimus), 
RAD001 (everolimus), and AP23573  
  Pharmacological inhibition of mTOR by  –
CCI-779 in PTEN +/−  mice has shown 
reduced neoplastic proliferation, tumor 
size, and S6K activity     

  Dual PI3K–mTOR inhibitors may also be • 
used as a targeted therapy in EC

   The p110 subunits of PI3K and mTOR  –
share similar structures  
  The dual PI3K–mTOR inhibitors may tar- –
get p110 a  (alfa),  b  (beta), and  d  (delta) iso-
forms, mTORC1 and mTORC2  
  BEZ235, a dual PI3K and mTOR inhibitor,  –
suppresses cell growth in EC cell lines, 
especially in cells with  PIK3CA  and/or 
 PTEN  mutations     

   Table 8.3    Endometrial carcinoma (targeted therapies) 

 Target  Predictive marker 

 mTor (temsirolimus, everolimus, 
deferolimus) 

  PTEN  loss,  PIK3CA, 
KRAS  mutations? 

 HER2 (trastuzumab)   c-erbB2  ampli fi cation 
 EGFR (Erlotinib)  EGFR expression 
 VEGF (bevacizumab/
thalidomide) 

 VEGFR expression   ?  

 Tyrosine kinases (sorafenib/
sunitinib) 

 NFkB, MCL-1, 
FLIP? 

 PARP   PTEN  loss 
 FGFR2   FGFR2  mutations 
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  EGFR, which is highly expressed in normal • 
endometrium, is also overexpressed in EC––a 
 fi nding associated with poor prognosis

   In these cases, GW572016 (Lapatinib) has  –
been used as a single agent (Table  8.3 )     

  Medroxiprogestererone acetate is frequently • 
used in EC patients

   Two large GOG trials evaluating oral pro- –
gestins in these patients showed an overall 
response rate or 15–25% with median pro-
gression-free survival of less than 4 months 
and overall survival of less than 11 months     

  Proteasome inhibitors trigger cell growth • 
arrest or apoptosis on several tumors

   Bortezomib causes cell death by blocking  –
NF- k B activity in some tumors  
  In EC, proteasome inhibitors induce cell  –
death by increasing NF- k B transcriptional 
activity     

  Sorafenib (BAY 43-9006, Nexavar) is a potent • 
tyrosine kinase inhibitor with antiproliferative 
and antiangiogenic activities

   Although originally described as a B- and  –
c-RAF kinase inhibitor, it has also shown 
activity against vascular endothelial growth 
factor receptor 2 (VEGFR2), platelet-derived 
growth factor receptor, FLT3, RET, and c-Kit  
  Sorafenib sensitizes EC cells to TRAIL- –
induced apoptosis by downregulating FLIP 
and Mcl-1 (Table  8.3 ) Ortega et al. ( 2008 )     

  Histone acetylation is one of the mechanisms • 
involved in the epigenetic control of gene 
expression

   Histone deacetylase inhibitors (HDACI)  –
are promising anticancer drugs  
  HDACI cause derepression of genes whose  –
reactivation would promote an antiprolif-
erative effect  
  Examples of genes upregulated by HDACI are  –
 p21, TRAIL-R2, p19ARF, Bmf , and  Rap1   
  Paradoxically, HDACI cause downregula- –
tion of important genes such as thymidy-
late synthetase,  Bcr-Abl  and  c-Myc   
  HDACI have growth inhibitory effect on  –
EC cell lines, by decreasing the proportion 
of cells in S phase, and increasing the pro-
portion of cells in the G 

0
 –G 

1
  and or G 

2
 –M 

phases of the cell cycle  

  HDACI upregulates   – p21 ,  p27 , and 
E-cadherin, and downregulates Bcl-2, and 
cyclin D1 and cyclin D2  
  The growth-suppressor effects seem to be  –
irrespective of the  TP53  gene status        

   Summary of Keypoints 

    There are two clinicopathologic variants of • 
endometrial carcinomas (endometrioid and 
nonendometrioid) that show speci fi c molecular 
features and different gene expression pro fi les  
  The main molecular features of endometrioid • 
carcinomas are: microsatellite instability and 
mutations of  PTEN, PIK3CA, KRAS , and beta-
catenin genes

   Although the clinical and prognostic rele- –
vance of each of these alterations has not 
been fully elucidated, mutations in  PTEN  
and beta-catenin gene seem to be associ-
ated with a favorable outcome     

  In HNPCC patients, microsatellite instability • 
analysis and immunoreactivity of mismatch 
repair proteins are important to con fi rm the 
diagnosis of hereditary endometrial carcinoma  
  The main features of nonendometrioid carci-• 
nomas are:

     – TP53  mutations  
  Inactivation of   – p16  and E-cadherin,  c-erbB2  
ampli fi cation  
  Alterations in genes involved in the regulation  –
of the mitotic spindle checkpoint ( STK-15 )  
  LOH at multiple loci indicating chromo- –
somal instability     

  Some nonendometrioid carcinomas probably • 
arise from preexisting endometrioid carcinomas

   This is the most likely reason why some tumors  –
exhibit combined or mixed features at the clin-
ical, pathological, and molecular levels     

  Some EC do not  fi t in the dualistic (type I vs. • 
type II) model

   Mixed endometrioid–nonendometrioid  –
tumors (TP53)  
  Dedifferentiated carcinomas (microsatellite  –
instability)  
  Malignant mixed müllerian tumors (epithe- –
lial to mesenchymal transition)     
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  EMT, Ets transcription factors, and enzymes • 
involved in oxidative stress may have a role in 
myometrial invasion  
  In endometrial carcinoma, apoptosis– • 
resistance may play a role in tumor progres-
sion (FLIP under CK2 and KSR1 regulation)  
  Molecular pathology is important for identify-• 
ing biomarkers as predictive factors for suc-
cess in targeted therapies

   Candidate pathways are PI3K, mTOR,  –
EGFR, apoptosis, and histone acetylation            
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  9      Molecular Pathology of Kidney 
Tumors       

     Sean   R.   Williamson ,      John   N.   Eble,  and      Liang   Cheng            

         Introduction 

    Renal cancer is the sixth leading site of new can-• 
cer diagnosis for men and eighth for women, with 
an estimated 60,920 cases diagnosed in 2011, 
according to American Cancer Society statistics

   Carcinoma of renal tubular origin (92%)  –
comprises the majority of malignancy, fol-
lowed by carcinoma of the renal pelvis (7%) 
and nephroblastoma (Wilms tumor, 1%)     

  Renal neoplasms are a distinctive and hetero-• 
geneous group of entities

   Clinical behavior varies signi fi cantly  –
between lesions

   Sometimes histologic appearance is �

deceptively bland  
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  Fig. 9.1    Histopathologic and cytogenetic features of 
renal cell neoplasms by FISH. Clear cell renal cell carci-
noma ( a ) frequently shows chromosome 3p deletion ( b ) 
indicated by the presence of a single 3p signal ( green ) in 
cells with two chromosome 3 centromere signals ( red ) per 
cell. Papillary renal cell carcinoma ( c ) consistently shows 
trisomy 7 (three  green signals ) and 17 (three  red signals ) 
( d ). Most chromophobe renal cell carcinomas ( e ) show a 
complex multichromosomal deletion with monosomy of 

1, 2, 6, 10, and 17. In ( f ), each chromophobe tumor cell 
possesses only a single chromosome 10 signal. Despite its 
morphological similarity to chromophobe renal cell carci-
noma (especially eosinophilic variant), oncocytoma ( g ) 
does not exhibit multichromosomal deletions; it retains a 
disomic chromosomal pro fi le. Each of the two nuclei in 
( h ) shows two  fl uorescent signals for chromosome 17 
(disomic pattern) (from Cheng et al.  2009 ; with permis-
sion from Elsevier).       
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  Cytologic/histologic similarity can be �

signi fi cant across both benign and 
malignant neoplasms        

  Molecular and cytogenetic alterations have • 
been of great historical importance in estab-
lishing the classi fi cation of renal neoplasms

   Modern molecular methodologies are already  –
playing a signi fi cant role in classi fi cation

   Subdivision of new diagnostic entities  �

  Resolution of challenging differential �

diagnoses (Fig.  9.1 )   
  Direction of targeted therapy        �

  A number of genetic syndromes with predis-• 
position to development of renal tumors have 
been carefully studied, resulting in increased 
understanding of underlying cytogenetic and 
molecular events     

   Genetic Renal Neoplasia Syndromes 

    Although most renal neoplasms are sporadic, • 
approximately 3–5% are associated with 
inherited syndromes (Table  9.1 )   
  Investigation into their molecular and genetic • 
mechanisms has led to improved understand-
ing of both the syndromes themselves and 
sporadic renal neoplasms (Table  9.2 )     

   von Hippel–Lindau Disease 

    von Hippel–Lindau (VHL) disease is a genetic • 
syndrome with autosomal dominant inheri-
tance, associated with germline inactivating 
mutation of  VHL  tumor suppressor gene

   Greater than 90% penetrance at 65 years of  –
age  
  Estimated incidence of 1 in 35,000 live  –
births  
  The   – VHL  gene is located at chromosome 
3p25.3  
  Patients with VHL disease generally have  –
one mutated copy of the  VHL  gene

   Tumorigenesis is thought to occur with �

inactivation of the second copy, via loss 
of heterozygosity (LOH), promoter 

hypermethylation, or mutation, in a 
“two-hit” model (Fig.  9.2 )   
  Fewer total steps are required in the �

development of a renal tumor, compared 
to sporadic cases        

  The VHL syndrome is characterized by the • 
following:

   Renal manifestations –
   Multiple, bilateral renal cysts (66% of �

patients)  
  Clear cell renal cell carcinoma�

   Cysts have been hypothesized to rep- �
resent a potential precursor for clear 
cell carcinoma, as some small carci-
nomas can be identi fi ed arising in a 
cyst  
  However, VHL patients also develop  �
small, solid carcinomas without 
demonstrable association with a cyst 
(Fig.  9.3 )   
  Clear cell renal cell carcinoma is  �
variably reported to develop in 
24–70% of patients, with metastatic 
disease representing a signi fi cant 
cause of death in VHL patients        

  Nonrenal manifestations –
   Capillary hemangioblastomas of the �

central nervous system and retina (60–
84% of patients)  
  Pheochromocytomas (18% of patients)  �

  Pancreatic cysts (70%) and neuroendo-�

crine tumors (9% of patients)  
  Epididymal cystadenomas (54% of �

male patients) or broad ligament cysta-
denomas (in women)  
  Endolymphatic sac tumors of the inner �

ear (14% of patients)        
  The  • VHL  gene codes for pVHL protein, a 
213-amino acid member of the ubiquitin ligase 
family

     – VHL  is key in cell cycle control and gene 
regulation, particularly in regulation of 
hypoxia-inducible factor ( HIF )

    � HIF a     
A transcription factor involved in the  �
response to changes in oxygen sup-
ply in the cellular environment  
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  Fig. 9.2    Pathways of  VHL -associated carcinogenesis. ( a ) 
The  VHL  tumor suppressor gene plays a critical role in both 
sporadic and hereditary renal cancers. Both copies of the 
 VHL  gene must become inactivated to initiate tumor devel-
opment. In familial clear cell renal carcinoma, one copy of 
the  VHL  gene has already been inactivated at birth; conse-
quently, a single additional  VHL  gene inactivation initiates 
tumorigenesis. Sporadic tumors require two steps to inacti-
vate both  VHL  alleles to initiate tumorigenesis. Further 

genetic alterations may also be required for initiating the 
development of a tumor. ( b )  VHL  gene inactivation may 
occur through one of several different pathways, including 
genomic mutation (50–80%), deletion (60–80%), or abnor-
mal DNA methylation (20–25%). Different mechanisms 
are frequently involved in carcinogenesis. Mutation of one 
allele and deletion of the remaining wild-type allele are 
often seen in clear cell renal carcinomas (from Cheng et al. 
 2009 ; with permission from Elsevier).       
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  Important in physiologic response to  �
ischemia and hypoxia, as well as 
tumor growth and angiogenesis  
  Normal pVHL forms a ubiquitin– �
ligase complex with Elongin B, 
Elongin C, Rbx1, NEDD8, and 
Cullin-2, targeting HIF1 a  for ubiq-
uitin-mediated degradation in cells 
under normal oxygen conditions  
  In hypoxic or iron-de fi cient condi- �
tions, HIF1 a  is not degraded and 
instead binds to hypoxia-response 
element sequences in the nucleus, 
resulting in activation of several 
downstream genes, including:  VEGF , 
 PDGF ,  GLUT1 , and  TGF a   
(Fig.  9.4 )   
  Loss of   � VHL  in tumor cells therefore 
leads to accumulation of HIF1 a  and 
upregulation of these downstream 
genes, with key roles that promote 
tumor growth, support, and spread, 
such as the following:

   Cell proliferation   
  Angiogenesis   
  Metastatic potential   
  Glucose transportation      

  Carbonic anhydrase IX (CA-IX) �
   A membrane protein whose expres- 
sion is also VHL–HIF1 a -dependent  

  CA-IX is involved in regulation  
of intracellular and extracellular 
pH, with expression induced by 
hypoxic conditions  
  As such, expression is seen in  
clear cell renal cell carcinoma, 
even in high grade and sarcoma-
toid forms

   Immunohistochemical expres- 
sion has proposed utility in 
resolving the differential diag-
nosis of challenging cases  
  In VHL patients, single renal  
tubular epithelial cells and cells 
within renal cysts have been 
found to show expression           

  Mammalian target of rapamycin �

(mTOR)
   Inactivation of   � VHL  also upregulates 
the mTOR pathway  
  mTOR is a serine/threonine protein  �
kinase involved in monitoring of cel-
lular and environmental nutrition and 
energy status, with effects in protein 
translation, cell growth, angiogene-
sis, and apoptosis  
  Downstream targets include phos- �
phatidylinositol 3 kinase, involved in 
cell survival, proliferation, and 
neovascularization     

  Primary cilium�

   pVHL has also been found to play a  �
role in structure of the primary cil-
ium, a cellular sensory mechanism 
involved in inhibition of epithelial 
proliferation  
  pVHL functions in association with  �
phophatidylinositol 3 kinase and 
glycogen synthase kinase 3 b  
(GSK3 b ) in maintenance of the pri-
mary cilium  
  Defects of the primary cilium have  �
been implicated in formation of renal 
cysts  
  Cyst-dependent and cyst-independent  �
pathways of development for clear 
cell carcinoma have been proposed     

  Fig. 9.3    A small, poorly circumscribed, and unencapsu-
lated focus of clear cell carcinoma in a patient with VHL 
disease, arising without an identi fi able cyst.       

 



180 S.R. Williamson et al.

  CXCR4�

   CXCR4 is a chemokine receptor  �
involved in metastasis of renal carcino-
mas, as well as tumors of other organs  
  Regulation occurs through HIF1  � a  
and mTOR  

  Inhibition of this pathway may rep- �
resent a potential therapeutic target 
in the management of renal cell car-
cinoma patients              

  Fig. 9.4    Mechanisms of  VHL -associated carcinogenesis. 
The normal  VHL  gene product forms a complex with E3 
ubiquitin ligase, which induces the degradation of HIF a  
to regulate the activity of genes downstream from  HIF . 
When both copies of the  VHL  gene are inactivated, HIF 
degradation is retarded and HIF accumulates to higher 
levels, triggering upregulation of HIF downstream gene 
activities. The major upregulated factors include  VEGF , 
 PDGF b  ,  TGF a  ,  EGFR ,  IGF ,  GLUT1 ,  EPO , and  CXCR4 , 
resulting in enhanced neovascularization, stimulation of 

cell growth, enhanced glucose transportation, and cancer 
progression. HIF downstream upregulation is associated 
with tumorigenesis in both familial and sporadic clear cell 
renal cancers.  VHL  von Hippel–Lindau;  VEGF  vascular 
endothelial growth factor;  PDGF  platelet-derived growth 
factor;  TGF  transforming growth factor;  EGFR  epidermal 
growth factor receptor;  IGF  insulin-like growth factor; 
 GLUT1  glucose transporter protein 1;  EPO  erythropoie-
tin;  CXCR4  chemokine (C-X-C motif) receptor 4 (from 
Cheng et al.  2009 ; with permission from Elsevier).       
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   Hereditary Papillary Renal Carcinoma 

    Hereditary papillary renal carcinoma is a • 
genetic syndrome with autosomal dominant 
inheritance and high penetrance, associated 
with (typically) late onset of multiple, bilat-
eral, type I papillary renal cell carcinomas

   Renal tumors –
   Patients have approximately a 90% like-�

lihood of developing renal cell carci-
noma by 80 years of age  
  Generally, onset in  fi fth to seventh decades�

   Numerous tumors often present within �

the same kidney     
  A form with early onset has also been �

described (second to third decades)        
  Activating mutation of  • c-MET  protooncogene 
(mesenchymal–epithelial transcription factor) 
at chromosome 7q31.3

   126 kb genomic region with 20 exons, encod- –
ing the 1,390 amino acid MET protein  
  MET is a receptor in the tyrosine kinase  –
family, whose ligand is HGF (hepatocyte 
growth factor)

   Increased  � c-MET  implicated in papil-
lary tumors of other organs, including 
thyroid, ovary, and colon carcinomas     

  Mutation of the tyrosine kinase domain  –
results in constitutive activation without 
ligand binding

   Results in cell proliferation, neovascu-�

larization, and cell motility     
  Duplication of the mutated chromosome 7  –
is frequently seen (trisomy 7)  
  Activating mutation of   – MET  seen in only a 
small subset of sporadic papillary renal 
cell carcinoma cases (13%)        

   Hereditary Leiomyomatosis and Renal 
Cell Carcinoma 

    Hereditary leiomyomatosis and renal cell car-• 
cinoma (HLRCC) is a genetic syndrome with 
autosomal dominant inheritance and incom-
plete penetrance

   Renal manifestations –

   Papillary renal cell carcinoma (similar �

in appearance to type II tumors, with 
unique morphologic features)  
  Renal carcinoma develops in only a �

subset of patients (15–20%) and is often 
unifocal/unilateral, with early onset  
  Tumors are aggressive, often presenting �

at advanced stage, with many patients 
dying of metastatic disease  
  Morphologically, tumors have fea-�

tures of type II papillary carcinoma, 
including papillary, solid alveolar, 
tubular, glandular, and sheet-like 
architecture

   Unique morphologic features  �
include the prominent, inclusion-
like eosinophilic nucleolus, sur-
rounded by a clear halo (similar to 
the inclusions seen in cytomegalo-
virus infection)        

  Nonrenal manifestations –
   Leiomyomas of the skin and uterus�

   In contrast to renal carcinoma, most  �
patients (85–98%) develop uterine 
and cutaneous leiomyomas  
  Development of uterine leiomyomas  �
at a young age (under 30 years) may 
prompt consideration of the diagno-
sis of HLRCC  
  Morphologically, the leiomyomas  �
may show similar nuclear features 
to the kidney tumors (prominent 
eosinophilic nucleolus with 
“halo”)     

  Leiomyosarcoma occurs in a small sub-�

set of cases        
  The syndrome is associated with mutation of • 
 FH  (fumarate hydratase) gene at chromosome 
1q42.3–q43   

     – FH  includes ten exons and codes for a 
500-amino acid peptide  
  The FH protein is involved in the conversion  –
of fumarate to malate in the Krebs cycle  
  Biallelic inactivation is found in the major- –
ity of tumors, suggesting a role of  FH  as a 
tumor suppressor gene        
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   Tuberous Sclerosis 

    Tuberous sclerosis (tuberous sclerosis com-• 
plex or TSC) is an autosomal dominant, inher-
ited tumor syndrome, with near-complete 
penetrance and variable expressivity

   Estimated to affect 1 in 6,000–12,500  –
people

   Cases thought to be more frequent than �

historically detected, due to improve-
ment in imaging modalities and 
increased utilization of imaging     

  Renal manifestations –
   Renal cystic disease�

   Variable cyst formation in approxi- �
mately 45% of patients, ranging from 
microcystic disease, undetectable by 
imaging, to a polycystic kidney 
phenotype     

  Renal tumors (50–80% of patients)�

   Angiomyolipomas (multifocal and  �
bilateral), present in 75–80% of 
affected children greater than 10 
years of age  
  Multifocal clear cell renal cell carci- �
noma and oncocytoma (in a subset of 
patients)        

  Nonrenal manifestations –
   Skin lesions�

   Facial angio fi bromas (“adenoma  �
sebaceum”)  
  Periungual  fi bromas   �
  Shagreen patches (peau chagrin)   �
  Hypopigmented macules      �

  Central nervous system lesions�

   Cortical tubers   �
  Subependymal nodules   �
  Subependymal giant cell astrocytomas      �

  Tumors of other organs�

   Cardiac rhabdomyomas (in up to  �
50% of patients)  
  Pulmonary lymphangioleiomyo- �
matosis  
  Retinal astrocytic hamartomas  �
(“phakomas”)           

  Tuberous sclerosis is associated with germline • 
mutation of  TSC  genes 1 or 2 ( TSC1  or 
 TSC2 )

   A signi fi cant number of cases (70%) result  –
from sporadic germline mutations, while 
30% are inherited  
    – TSC1 

   Located at chromosome 9q34  �

  Encodes 130 kD protein hamartin�

   Involved in cell adhesion through  �
ezrin–radixin–moesin family of 
actin-binding proteins and GTPase 
Rho  
  Proposed tumor suppressor function,  �
due to tumor formation with loss of 
both wild-type alleles        

    – TSC2 
   Located at 16p13.3  �

  Encodes tuberin protein with GTPase-�

activating activity for RAS-related pro-
tein Rap1  
   � PKD1  is adjacent to  TSC2  on chro-
mosome 16p13 and mutations dis-
rupting both genes are associated with 
severe, early-onset polycystic kidney 
disease

   Sometimes referred to as the   � TSC2–
PKD1  contiguous gene syndrome        

  Since hamartin and tuberin form a com- –
plex together, similar syndromic pheno-
types are seen as a result of mutation of 
either gene

   The TSC1/TSC2 complex regulates �

mTOR activity through RHEB, a RAS-
like small GTPase

   Loss of function of the complex by  �
mutation of either gene leads to unin-
hibited cell growth signaling through 
the mTOR pathway  
  Targeted therapy with inhibitors of  �
the mTOR pathway (rapamycin/
sirolimus, everolimus) have shown 
promise in control of angiomyoli-
poma growth, though tumors poten-
tially resume growth after cessation 
of therapy     

  TSC2 also regulates  � VEGF  expression 
(a component of the VHL/HIF 
pathway)        

  The majority of tumors demonstrate a benign • 
clinical course; however, some cases show 
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progressive growth or outright aggressive 
behavior, suggesting that additional genetic 
events may be involved     

   Birt–Hogg–Dubé Syndrome 

    The Birt–Hogg–Dubé syndrome is an auto-• 
somal dominant tumor syndrome with incom-
plete penetrance, associated with the 
development of the following:

   Renal manifestations –
   Multicentric renal epithelial tumors �

with unusual features and varied histo-
logic subtypes, even within the same 
kidney

   Chromophobe carcinoma   �
  Clear cell carcinoma   �
  “Hybrid” tumors with overlapping  �
features between chromophobe car-
cinoma and oncocytoma

   A single tumor may include mul- 
tiple subpopulations of cells, 
resembling both chromophobe 
carcinoma and oncocytoma  
  The renal cortex may include  
microscopic foci of oncocytic 
cells (oncocytosis)        

  Renal cysts      �
  Nonrenal manifestations –

   Benign cutaneous tumors�

   Fibrofolliculomas �
   Circumscribed proliferation of  
specialized connective tissue sur-
rounding dilated hair follicles  
  Forehead, scalp, face, neck      

  Trichodiscomas   �
  Acrochordons      �

  Pulmonary cysts�

   Spontaneous pneumothorax      �
  Medullary carcinoma of the thyroid        �

  Associated with mutation of the  • FLCN  or 
 BHD  gene at 17p11.2, which codes for folli-
culin, a 64-kD protein (579 amino acids) with 
proposed tumor suppressor function

   More than 50 different germline mutations  –
have been described  

  In the majority of cases, mutation results in  –
truncation and a dysfunctional gene 
product  
  Folliculin interacting protein, FNIP1, is a  –
partner of folliculin and interacts with 5 ¢  
AMP-activated protein kinase (AMPK)

   AMPK negatively regulates mTOR �

activity, suggesting a role for these two 
signaling pathways in the development 
of the Birt–Hogg–Dubé syndrome  
  Upregulation of mitochondrial gene �

expression has been described with 
deregulation of the  PGC1 a –TFAM  sig-
naling axis           

   Constitutional Chromosome 3 
Translocation 

    Constitutional chromosome 3 translocation • 
outside of the setting of VHL disease has also 
been found to be associated with an increased 
risk of developing bilateral, multifocal clear 
cell renal cell carcinoma  
  A variety of break points involved in translo-• 
cations or insertions have been described, 
including the following:

   t(3:6): t(3:6)(p13:q25.1), t(3:6)(q12:q15),  –
t(3;6)(q11;q13), and t(3;6)(q22;q16.1)  
  t(3;8): t(3;8)(p14;q24) and t(3;8)(p13;q24) –

   t(3;8)(p14;q24) results in disruption of �

 FHIT  and  TRC8  genes, both with pro-
posed tumor suppressor function     

  t(3:4): t(3:4)(p13:p16) and t(3;4)(p13;p15) –
   t(3;4)(p13;p15) results in disruption of �

 KCNIP4  gene     
  t(2:3) –

   t(2:3)(q33:q21) disrupts  � DIRC1  gene  
  t(2:3)(q35:q21) disrupts  � DIRC2  and 
 DIRC3  genes     

  t(1:3)(q32:q13.3) –
   Disrupts  � NORE1A  and  LSAMP  genes     

  t(3;15)(p11;q21)   –
  t(3;12)(q13;q24)   –
  ins(3;13)(p24.2;q32q21.2) –

   Also associated with development of �

lung and prostate cancers        
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  A “three-hit” model of carcinogenesis has • 
been proposed, in contrast to the “two-hit” 
model of VHL disease

   First: Germline balanced translocation   –
  Second: Somatic loss of the chromosome 3  –
translocate  
  Third: Somatic mutation of the remaining  –
 VHL  gene allele  
  Tumors often have later onset compared to  –
VHL disease patients, perhaps due to lon-
ger time course of progression through the 
three events        

   SDHB Germline Mutations 

    Similar to fumarate hydratase in HLRCC, • 
succinate dehydrogenase is an enzyme 
involved in the Krebs cycle, whose mutations 
have been implicated in the development of 
tumors, particularly pheochromocytoma and 
paraganglioma  
  Germline mutations of the subunits of succi-• 
nate dehydrogenase (mitochondrial complex 
II genes) are associated with pheochromocy-
toma/paraganglioma syndromes (PHEO/PGL) 
 SDHB  gene (PGL4),  SDHC  (PGL3), and 
 SDHD  (PGL1); sometimes called “Carney–
Stratakis” syndrome when combined with 
gastrointestinal stromal tumor (GIST)

   Mutation of   – SDHAF2  (formerly  SDH5 ) 
may be the cause of PGL2 syndrome     

  Renal manifestations• 
   Renal tumors are seen in some patients,  –
particularly those with  SDHB  mutations 
(estimated 14%)  
  Distinctive morphologic features include  –
the following:

   Bubbly eosinophilic cytoplasm with �

intracytoplasmic inclusions and indis-
tinct cell borders  
  Cystic areas with a lobulated/circum-�

scribed tumor border and entrapment of 
normal tubules/glomeruli  
  Some cases may be poorly differenti-�

ated or sarcomatoid     
  Prognosis appears to be good in nonsarco- –
matoid cases     

  Nonrenal manifestations• 
   Pheochromocytoma   –
  Paraganglioma   –
  GIST, so-called type 2 (  – SDHB -negative 
GIST)     

  Immunohistochemical staining for  • SDHB  can 
be performed and reveals a strong positive 
granular cytoplasmic reaction (mitochondrial) 
in normal tissues, with loss of staining in the 
associated tumors      

   Malignant Neoplasms 

   Clear Cell Renal Cell Carcinoma 

    The most common subtype of renal neoplasm, • 
comprising approximately 60–75% of surgi-
cally removed tumors

   Believed to originate from cells of the  –
proximal tubule     

  Light microscopy• 
   Tumor cells with variably abundant clear  –
cytoplasm (due to loss of cytoplasmic 
lipid/glycogen during histologic process-
ing) forming nested, tubular, and alveolar/
cystic architecture with a prominent  fi ne 
vascular network  
  Nuclei range from small and lymphocyte- –
like to large and hyperchromatic, with 
prominent large nucleoli and bizarre, irreg-
ular nuclear contours  
  Classi fi cation often readily accomplished  –
based on the presence of typical clear cell 
histopathologic features

   However, higher-grade tumors may �

have confounding morphology, such as 
the following:

   Eosinophilic cytoplasm   �
  Pseudopapillary architecture (loss of  �
cohesive growth)     

  Application of molecular techniques �

may aid the differential diagnostic pro-
cess in challenging cases        

  Chromosome 3p• 
   Deletion of chromosome 3p is believed to  –
represent one of the key events in 
carcinogenesis  
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  Seen in 70–90% of clear cell renal cell car- –
cinoma cases

   Detection by  fl uorescence in situ hybrid-�

ization (FISH; Fig.  9.1a, b ), LOH studies, 
or comparative genomic hybridization 
(CGH)     

  Less commonly found in other subtypes of  –
renal neoplasms  
  3p25, 3p12–14, and 3p21 frequently  –
involved  
  Introduction of normal chromosome 3p  –
into tumor cell lines results in suppression 
of tumorigenesis     

   • VHL  gene
   Speci fi cally,   – VHL  gene loss (at chromo-
some 3p25.3) is common in up to 75% of 
sporadic clear cell renal cell carcinoma 
cases (as seen in VHL disease, where 
germline inactivation of  VHL  is present)  
  Inactivation may occur through mutation,  –
deletion, or abnormal DNA-methylation  
  In sporadic cases, one gene copy may be  –
inactivated by mutation (as in patients with 
VHL disease) with the second copy lost 
through deletion in a similar “two-hit” 
model

   Mouse xenografts of clear cell carci-�

noma with homozygous  VHL  loss of 
function mutation result in tumor 
formation

   Introduction of wild-type   � VHL  gene 
copies into the mice results in mark-
edly decreased or absent tumor 
formation     

  However, additional steps beyond  � VHL  
mutation also appear to be required in 
models of tumor development     

  Prognostic signi fi cance of   – VHL  inactiva-
tion is unclear

   Nuclear and cytoplasmic expression of �

pVHL by immunohistochemistry asso-
ciated with lower nuclear grade and 
lower tumor stage     

  Crucial in tumorigenesis via the   – HIF  and 
mTOR pathways ( see  section “von Hippel–
Lindau Disease”)  
  Deletion of regions  fl anking the   – VHL  gene 
suggests a role for potential additional 

tumor suppressor genes in the pathogenesis 
of clear cell carcinoma     

  3p14• 
   In addition to abnormalities of the   – VHL  
gene, loss of  FRA3B , the fragile site locus, 
is present in some tumor cell lines

    � FRA3B  lies within the  FHIT  (fragile 
histidine triad) gene, located at 3p14.2, 
which is commonly deleted in sporadic 
clear cell renal cell carcinoma

   Thought to represent an early event  �
in the carcinogenesis of clear cell 
carcinoma, perhaps by  VHL -
independent mechanisms           

  3p12 and 3p21• 
   Alterations of 3p12 and 3p21 are addi- –
tional sites affected by LOH on chromo-
some 3p

   Allelic loss or promoter hypermethyla-�

tion of the RAS association domain 
family 1A gene ( RASSF1A ) has been 
implicated in clear cell carcinoma, a 
potential tumor suppressor gene located 
at chromosome 3p21.3  
  Additional genes�

     � DRR1  (downregulated in renal cell 
carcinoma), located at 3p21.1  
    � NRC1  (nonpapillary renal carcinoma 
1), located at 3p12           

  Other chromosomal regions affected in clear • 
cell carcinoma

   5q –
   Second most common chromosomal �

region involved in clear cell renal cell 
carcinoma, after chromosome 3p

   Allelic duplications at 5q31.1   �
  Trisomy or partial trisomy of chro- �
mosome 5, including 5q22–qter  
  Chromosome 3 and 5 translocation,  �
leading to loss of 3p13–pter and 
duplication of 5q22–qter     

  Gain of 5q may be associated with bet-�

ter prognosis in clear cell carcinoma     
  9p and 14q –

   Loss is seen in a subset of cases and �

has been associated with poorer 
prognosis  
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  Associated with higher histologic grade �

and tumor stage  
  9p loss occurs primarily at 9p21 (the �

site of  p16 ) and 9p22–23 ( PTCH  gene)  
  8q gain and LOH at 8p may also partici-�

pate in tumor progression     
  Other chromosomal sites sometimes  –
involved in clear cell carcinoma

   6q, 9q, 10q, 13p, 17p        �

  Multifocality• 
   Up to 25% of patients undergoing nephrec- –
tomy for renal cell carcinoma have multi-
focal tumors

   Some studies of clear cell carcinoma �

have found a common clonal origin by 
LOH analysis, raising the possibility of 
“satellite” tumors representing intrare-
nal metastases  
  However, multifocality is not necessar-�

ily associated with increased risk of 
progression and metastasis, suggesting 
independent origin, perhaps by “ fi eld-
effect”  
  Other studies have found discordant �

patterns of 3p deletion, X chromosome 
inactivation, and LOH analysis, sup-
porting independent origin in a 
signi fi cant number of cases (46%)        

  Molecular differential diagnosis• 
   A spectrum of other renal neoplasms may  –
have signi fi cant overlap in light micro-
scopic appearance with clear cell carci-
noma, leading to potential utility for 
molecular diagnostic studies  
  Clear cell papillary renal cell carcinoma –

   A recently described renal neoplasm �

with overlapping morphologic and 
immunohistochemical features of clear 
cell and papillary carcinoma ( see  sec-
tion “Clear Cell Papillary Renal Cell 
Carcinoma”)  
  Thus far, clear cell papillary renal cell �

carcinoma has been found to lack chro-
mosome 3p and  VHL  gene abnormalities, 
including promoter hypermethylation  
  However, the  � HIF  pathway may be 
upregulated by other mechanisms     

  Xp11 translocation carcinoma –
   Can include a prominent component of �

cells with clear cytoplasm, resembling 
clear cell carcinoma at the light micro-
scopic level (sometimes intermingled 
with components including eosinophilic 
cytoplasm and papillary architecture; 
 see  section “Xp11 Translocation 
Carcinoma”)  
  Tumors characteristically harbor fusions �

of involving the  TFE3  gene at the 
Xp11.2 breakpoint, with a variety of 
fusion partners, including  ASPL ,  PRCC , 
 PSF ,  NONO , and  CLTC   
  By immunohistochemistry, epithelial �

markers are often underexpressed in 
translocation carcinoma

   Although HIF1  � a  expression may be 
present, the downstream target 
CA-IX is only focally present (6%)           

  Implications of molecular genetic alterations • 
on therapy

   Low expression of CA-IX by immunohis- –
tochemistry has been associated with poor 
clinical outcome and poor response to 
interleukin therapy  
  Fragile histidine triad protein (FHIT)  –
expression has been inversely correlated 
with tumor aggressiveness

   Reduced in carcinoma compared to �

adjacent uninvolved tubular 
epithelium     

  Targeted therapy directed against the  –
downstream pathways of  HIF1 a   have 
shown promise in therapy, such as inhibi-
tors of  VEGF  or, alternatively, inhibitors of 
the mTOR pathway        

   Papillary Renal Cell Carcinoma 

    Papillary renal cell carcinoma is the second • 
most common surgically removed renal tumor 
(approximately 10–15%), following clear cell 
carcinoma

   Believed to originate from cells of the  –
proximal or distal convoluted tubule     
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  Light microscopy• 
   Papillary renal cell carcinoma is character- –
ized by a predominant pattern of tubulo-
papillary architecture, often including 
foamy macrophages within papillae and/or 
psammoma bodies  
  Immunohistochemical features include  –
positivity for cytokeratin 7 and alpha-
methylacyl-CoA racemase (AMACR), 
with less frequent expression of CA-IX in 
contrast to clear cell renal cell carcinoma  
  Type I –

   Papillae are lined by a single layer of �

smaller cells with pale cytoplasm and 
round to ovoid nuclei, imparting a baso-
philic overall appearance  
  Seen in the hereditary papillary renal �

carcinoma syndrome ( see  section 
“Hereditary Papillary Renal 
Carcinoma”)  
  Associated with better prognosis and sur-�

vival when compared to type II tumors     
  Type II –

   Larger, pseudostrati fi ed cells with more �

abundant eosinophilic cytoplasm  
  Similar tumors are seen in the setting of �

HLRCC, although characteristic, dis-
tinctive nuclear features may be present, 
distinguishing them from typical type II 
tumors ( see  section “Hereditary 
Leiomyomatosis and Renal Cell 
Carcinoma”)        

  Polysomy 7 and 17• 
   Trisomy 7 –

   Commonly present in papillary renal �

carcinoma, although a nonspeci fi c 
 fi nding

   Seen in a number of human neo- �
plasms, including those of epithelial, 
mesenchymal and neural origins  
  Also identi fi able in benign conditions,  �
such as nodular prostatic hyperplasia 
and benign renal epithelial cells     

  Approximately 75% of sporadic papil-�

lary carcinomas exhibit trisomy of chro-
mosome 7 (Fig.  9.1c, d )

   Contains genes for both   � MET  and 
ligand  HGF   

  However, activating   � MET  mutation 
at chromosome 7q31 is only seen 
in a smaller proportion of sporadic 
type I papillary carcinoma cases, 
in contrast to tumors of the heredi-
tary papillary renal carcinoma 
syndrome        

  Trisomy 17 (Fig.   – 9.1c, d )
   Common in papillary carcinoma (80–�

90% by FISH)  
  Less commonly found in other human �

tumors and other subtypes of renal cell 
carcinoma  
  Characterized by the following:�

   Full trisomy of chromosome 17   �
  Isochromosome 17q   �
  Duplication of the 17q21–qter region  �
(Fig.  9.5 )            

  Signi fi cant molecular differences have been • 
reported between type I and type II papillary 
carcinomas, utilizing CGH methods and mic-
rosatellite studies

   Type I –
   Increased frequency of allelic imbalance on • 
17q and DNA gains of 7p and 17p  
  More frequent trisomy 17     • 

  Type II –
   Increased frequency of allelic imbal-�

ance on 9p in type II cases
   Deletion of 9p21 and allelic loss at  �
D9S171 locus on 9p13 associated 
with tumor progression and shorter 
survival     

  Loss of chromosomes 1p and 3p and �

gain of 5q     
  Type I tumors (with fewer genetic altera- –
tions) have been hypothesized to evolve 
into type II tumors upon acquisition of 
additional chromosomal abnormalities     

  Chromosome 3• 
   Although abnormalities of chromosome 3p  –
are generally associated with clear cell car-
cinoma, deletions are also less commonly 
seen in papillary carcinoma  
  Abnormalities involving 3q may be seen in  –
both clear cell and papillary carcinoma

   Unbalanced translocation with redupli-�

cation of the normal chromosome 3 
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  Fig. 9.5    ( a ) Proposed mechanism resulting in trisomic chro-
mosomes 7 and 17. Acentromeric misdivision results in non-
disjunction of the pair of chromosomes during cell mitosis 
and trisomic daughter cells. Loss of heterozygosity (LOH) 
could occur before trisomy formation ( a ,  left ) in which case 
allelic loss of either the upper or lower allele could occur ( a , 
 bottom left ). LOH could occur after trisomy formation ( a , 
 right ), in which case only allelic loss on the nonduplicated 
chromosome could be detected. Allelic loss on only one copy 
of the duplicated chromosome would not be detectable by 
LOH analysis ( a ,  bottom right ). ( b ,  c ) Histopathologic, FISH, 

and LOH features of papillary renal cell carcinoma. ( b1 – b3  
and  c1 – c3 ) Two cases of papillary renal cell carcinoma. ( b1  
and  c1 ) Papillary renal cell carcinoma composed of branch-
ing papillae and covered with a single layer of cells with 
eosinophilic cytoplasm. ( b2  and  c2 ) FISH of the correspond-
ing tumor with a centromeric probe of chromosomes 7 and 
17 showing groups of tumor cells with trisomic chromosome 
7 ( b2 ) or 17 ( c2 ;  green signals ). ( b3  and  c3 ) Microsatellite 
analysis on chromosomes 7 (D7S522) and 17 (D17S1795) 
revealed different LOH patterns between different tumor foci 
(from Jones et al.  2005a ; with permission)       
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resulting in partial trisomy of 3q is seen 
more often in papillary carcinoma        

  Other chromosomal regions• 
   Allelic loss at 7q31.1–31.2 is seen in some  –
cases

   Contains the aphidicolin-inducible frag-�

ile site FRA7G
   Fragile sites are thought to be  �
involved in tumorigenesis due to 
chromosomal breakage and resulting 
translocation, deletion, or 
ampli fi cation        

  Gains of 8, 12q, 16q, and 20q –
   Duplication of 20q11.2 and 20q13.2 �

thought to contain genes involved in 
development of papillary carcinoma     

  Loss of 1p, 4q, 6q, 11p, 13q, 14q, 18, 21q,  –
X and Y     

  Other genes• 
   Leucine-rich repeat kinase 2 (  – LRRK2 ) has 
been found to be ampli fi ed and overex-
pressed in papillary renal cell carcinoma, 
particularly type I tumors

   Downregulation of LRRK2 compro-�

mises MET activation and downstream 
signaling, suggesting a cooperative role 
with MET in tumor growth and survival 
of papillary carcinoma        

  Multifocality• 
   Multifocality is most common in papillary  –
renal cell carcinoma, compared to other 
subtypes

   However, concordant patterns of allelic �

loss are usually not seen between multi-
focal tumors (5%)  
  Multifocal and bilateral tumors may �

show cytogenetic heterogeneity between 
lesions, supporting independent origin, 
rather than intrarenal metastasis        

  Molecular differential diagnosis• 
   Clear cell papillary renal cell carcinoma –

   Areas of clear cell change are some-�

times present within papillary renal cell 
carcinoma, bringing clear cell papillary 
renal cell carcinoma into the differential 
diagnosis by light microscopy, particu-
larly in the setting of a small biopsy 
specimen  

  Copy number abnormalities of chro-�

mosomes 7 and 17 are sometimes seen 
in clear cell papillary renal cell carci-
noma, although less frequently than 
papillary carcinoma ( see  section “Clear 
Cell Papillary Renal Cell Carcinoma”)  
  Coexpression of CA-IX and CK7 is �

seen in clear cell papillary renal cell 
carcinoma, in contrast to papillary car-
cinoma, which usually lacks CA-IX 
expression and shows coexpression of 
CK7 and AMACR     

  Mucinous tubular and spindle cell  –
carcinoma

   Characterized by extensive tubular �

architecture with morphologic similar-
ity to papillary carcinoma, particularly 
type I  
  However, gains of chromosomes 7 and �

17 and loss of chromosome Y are not 
found  
  Multiple other genetic abnormalities are �

present including losses of chromo-
somes 1, 4, 6, 8, 9, 10, 12q, 13, 14, 15, 
16q 17, 20q, and 22     

  Metanephric adenoma –
   Areas of solid growth in papillary renal �

cell carcinoma may show morphologic 
overlap with metanephric adenoma  
  In contrast, metanephric adenoma usu-�

ally shows a normal karyotype by cyto-
genetics, with infrequent abnormalities 
of chromosomes other than 7 and 17, 
making molecular studies useful in 
resolving the differential diagnosis     

  Clear cell renal cell carcinoma with pseu- –
dopapillary change

   Areas of dyshesive growth in clear cell �

carcinoma may impart a papillary 
appearance  
  FISH analysis for abnormalities of �

chromosome 7, 17, and 3p may be 
helpful in resolving the differential 
diagnosis, combined with other typi-
cal light microscopic features     

  Xp11 translocation carcinoma –
   Prominent papillary architecture is �

sometimes present in renal cell carci-
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noma associated with Xp11 
translocation  
  Nuclear labeling for TFE3 protein by �

immunohistochemistry or con fi rmation 
by molecular testing supports the diag-
nosis of translocation carcinoma  
  Chromosome 7, 17, and Y abnormali-�

ties absent        
  Implications of molecular genetic alterations • 
on therapy

     – MET : Use of tyrosine kinase inhibitors, 
targeting the tyrosine kinase domain of 
MET has been proposed as a potential 
therapy in both hereditary and sporadic 
papillary renal cell carcinoma        

   Chromophobe Renal Cell Carcinoma 

    Less common than clear cell carcinoma or • 
papillary carcinoma, comprising approxi-
mately 5% of renal tumors (similar in inci-
dence to oncocytoma)

   Believed to originate from intercalated  –
cells of the collecting ducts     

  Light microscopy• 
   Chromophobe carcinoma is composed of  –
solid nests, sheets, and trabecular bands of 
generally large, polygonal tumor cells with 
 fl occulent to eosinophilic cytoplasm and 
prominent (“plant cell”-like) cell borders  
  The eosinophilic variant of chromophobe  –
carcinoma is composed predominantly of 
cells with eosinophilic cytoplasm, leading 
to considerable differential diagnostic 
overlap with oncocytoma and potential 
utility for molecular genetic studies

   Both classic and eosinophilic areas may �

be intermixed within the same tumor        
  Chromophobe carcinoma often exhibits mul-• 
tiple complex losses of chromosomes Y, 1, 2, 
6, 10, 13, 17, and 21 by cytogenetics, restric-
tion fragment length polymorphism (RFLP) 
analysis, CGH, FISH (Fig.  9.1e, f ), and micro-
satellite analysis

   The speci fi c genetic abnormalities resulting  –
from these changes are largely unknown

   Although loss of 17 is seen,  � TP53  gene 
mutation is seen in a minority of cases  
  Similarly,  � PTEN  mutation is not seen, 
despite loss of chromosome 10  
  The folliculin (or  � BHD ) gene is mutated 
in the setting of the Birt–Hogg–Dubé 
syndrome; however, such abnormalities 
are not seen in sporadic cases     

  In contrast to the multiple complex losses  –
in chromophobe carcinoma, oncocytoma is 
characterized by usually very few abnor-
malities (sometimes rearrangement/trans-
location of 11q13, partial or complete loss 
of 1, 14, X, or Y)

   The granular, eosinophilic cytoplasm in �

oncocytoma is associated with accumu-
lation of mitochondria

   Somatic mutation of mitochondrial  �
DNA (mtDNA) can be found, result-
ing in decreased activity of the respi-
ratory chain complex I     

  In contrast, chromophobe carcinoma �

has been found to have distinct hetero-
plasmic mtDNA mutations

   Downregulation of ATP5A1, the  �
alpha subunit of complex V of the 
respiratory chain, has been demon-
strated by 2D gel electrophoresis of 
mitochondrial proteins     

  As such, the possibility that oncocy-�

toma represents a precursor to chromo-
phobe carcinoma has been entertained 
(with the eosinophilic variant constitut-
ing an intermediate form)  
  However, both classic and eosino-�

philic types show similar complex 
losses of multiple chromosomes, 
while oncocytoma more frequently 
has a normal karyotype of loss of 
chromosome 1        

  LOH has also been identi fi ed at 9p23 (43%), • 
18q22 (30%), 5q22 (28%), and 8p (28%)  
  Quantitative reverse transcription PCR (RT-PCR) • 
studies reveal differential expression of  AP1M2 , 
 MAL2 ,  PROM2 ,  PRSS8 , and  FLJ20171  genes, 
leading to effective separation of chromophobe 
carcinoma from oncocytoma
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   By immunohistochemistry, MAL2 and  –
CLDN8 staining highlights the distal 
nephron  
  CLDN8 staining is seen in both entities; how- –
ever, MAL2 is limited to chromophobe 
carcinoma     

  RT-PCR and immunohistochemistry studies • 
identify  CD82  and  S100A1  as markers of 
chromophobe carcinoma and  AQP6  as a 
marker of oncocytoma  
  Molecular differential diagnosis• 

   Oncocytoma –
   Losses of chromosomes 2, 6, 10, and 17 �

by FISH studies may be helpful in 
excluding the diagnosis of oncocytoma 
and supporting the diagnosis of chro-
mophobe carcinoma  
  Virtual karyotyping and microRNA �

expression studies have been proposed 
as a diagnostically useful modality for 
differentiating chromophobe carcinoma 
from oncocytoma and eosinophilic vari-
ants of clear cell carcinoma          

   Hybrid Oncocytic Chromophobe Tumor 
    Hybrid tumors with overlapping morphologic • 
features between oncocytoma and chromo-
phobe carcinoma represent a controversial 
entity that has been described in the setting of 
the Birt–Hogg–Dubé syndrome and renal 
oncocytosis ( see  sections “Birt–Hogg–Dubé 
Syndrome” and    “Renal Cell Neoplasms of 
Oncocytosis”)

   However, sporadic cases have also been  –
reported, unassociated with either of these 
conditions

   Tumors have been found to have fre-�

quent monosomy of chromosome 20 
and multiple numerical aberrations 
(monosomy and polysomy) of chromo-
somes 1, 2, 6, 9, 10, 13, 17, 21, and 22

   Although multiple complex losses of  �
many of these chromosomes are seen 
in chromophobe carcinoma, mono-
somy of chromosome 20 in particu-
lar is unusual in chromophobe 
carcinoma and renal tumors in 
general  

  Likewise, multiple polysomies are  �
not characteristic of chromophobe 
carcinoma, leading to the hypothesis 
that hybrid oncocytic chromophobe 
tumors represent a distinct neoplasm, 
separate from chromophobe 
carcinoma     

  Mutations of the  � VHL ,  c-kit ,  PDGFRA , 
and  FLCN  genes appear to be lacking in 
such sporadic cases  
  Although numbers of studied tumors �

are limited, they appear to have indolent 
behavior or low malignant potential            

   Sarcomatoid Renal Cell Carcinoma 

    Sarcomatoid transformation in renal cell car-• 
cinoma represents an end stage of dedifferen-
tiation and therefore does not constitute a 
histologic subtype of its own accord

   May arise from clear cell, papillary, chro- –
mophobe, collecting duct carcinomas, 
unclassi fi ed renal cell carcinoma, etc.  
  Estimated 5–10% of renal cell carcinomas,  –
variable between histologic subtypes     

  Characterized by highly aggressive/malignant • 
behavior and poorer response to therapy  
  Although some molecular alterations are • 
preserved in the epithelial and sarcomatoid 
components (such as chromosome 3p abnor-
malities in clear cell carcinoma with a sar-
comatoid component), other alterations 
appear to be unrelated to the original 
neoplasm

   Strong expression of clear cell carcinoma- –
speci fi c markers by immunohistochemis-
try (such as HIF1 a , CA-IX, and GLUT1) 
is often preserved in sarcomatoid cases, 
compared to sarcomatoid carcinoma 
originating from other subtypes of renal 
cell carcinoma (nonclear cell), which 
lack these markers (although VEGF 
expression may be present)

   These markers may be of utility in �

establishing a clear cell carcinoma ori-
gin for challenging cases     
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  X chromosome inactivation studies gener- –
ally reveal similar patterns of X chromo-
some inactivation in clear cell carcinoma 
and its sarcomatoid component

   However, LOH patterns may have �

signi fi cant differences between the two 
components in the same patient, sup-
porting the hypothesis that tumors arise 
from the same progenitor cell but 
undergo genetic divergence over their 
evolution     

  Although typical chromophobe carcinoma  –
(containing an epithelial component only) is 
characterized by multiple complex losses of Y, 
1, 2, 6, 10, 13, 17, and 21, sarcomatoid cases 
have been found to have frequent gains of sev-
eral of these chromosomes, including 1, 2, 6, 
10, and 17, by FISH

   DNA ploidy studies have demonstrated �

hypodiploid complements of chromo-
somes in the chromophobe carcinoma 
component and aneuploidy in the sarco-
matoid component     

  Other studies have found little or no simi- –
larity in the pattern of genetic alteration 
between the epithelial and sarcomatoid 
components  
  Recent studies reveal E- to N-cadherin  –
switching, dissociation of  b -catenin from 
the cell membrane, and increased expres-
sion of Snail and secreted protein acidic 
and rich in cysteine (SPARC), supporting 
interpretation of sarcomatoid renal carci-
noma as an example of epithelial–mesen-
chymal transition

   Gain of mesenchymal characteristics is �

thought to be associated with increased 
ability to migrate and metastasize        

  Although a great deal of variability exists in • 
the pattern of genetic abnormalities in sarco-
matoid components, molecular studies may be 
helpful in a subset of cases for determining the 
histologic subtype of the original carcinoma  
  Implications of molecular genetic alterations • 
on therapy

   Expressions of c-kit and PDGFRA have  –
been identi fi ed by immunohistochemistry 
in sarcomatoid and high-grade renal cell 

carcinoma; however, gene mutations are 
not found by molecular studies, failing to 
support use of tyrosine kinase inhibitor 
therapy        

   Multilocular Cystic Renal Cell Carcinoma 

    Multilocular cystic renal cell carcinoma is a • 
unique variant of renal cell carcinoma with 
excellent prognosis, characterized histologi-
cally by multiple cystic spaces lined by clear 
cells, generally with low nuclear grade and 
small aggregates of clear cells within the 
 fi brous septa

   Aggregates of clear cells do not expand the  –
septa or otherwise form a signi fi cant solid 
component, differentiating the lesion from 
clear cell carcinoma with a cystic 
component     

  Although molecular studies in this uncommon • 
variant are limited in number, the presence of 
chromosome 3p deletion in a signi fi cant num-
ber of cases (74%) supports its interpretation 
as a variant of clear cell carcinoma

     – VHL  gene mutation has been identi fi ed in 
approximately 25% of cases, somewhat 
lower than the rates found in clear cell 
carcinoma in general, perhaps due to 
dif fi culty in obtaining cellular areas for 
analysis  
  Similar expressions of PAX2, pGSK3  – b , 
PTEN, and CA-IX are identi fi able by 
immunohistochemistry, supporting a simi-
lar pathogenesis to that of clear cell 
carcinoma

   However, strong nuclear expression of �

p27 is preserved in multilocular cystic 
renal cell carcinoma, suggesting an 
area of distinction from clear cell 
carcinoma           

   Clear Cell Papillary Renal Cell 
Carcinoma 

    Clear cell papillary (or tubulopapillary) renal • 
cell carcinoma is a recently described neoplasm, 
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characterized by tubular/ductular, cystic, and 
branched papillary architecture, composed of 
cells with clear cytologic features and generally 
low nuclear grade

   Tumors were originally described in the  –
setting of endstage renal disease and 
acquired cystic kidney disease, but may 
occur in kidneys unaffected by these 
abnormalities  
  By immunohistochemistry, tumors express  –
cytokeratin 7 and CA-IX (generally lack-
ing staining for AMACR and CD10), a 
phenotype that overlaps between clear cell 
renal cell carcinoma and papillary renal 
cell carcinoma     

  Molecular studies have found abnormali-• 
ties of 3p or the  VHL  gene (including pro-
moter hypermethylation) to be absent in 
clear cell papillary renal cell carcinoma, 
supporting distinction from clear cell 
carcinoma

   However, coexpression of CA-IX, HIF1  – a , 
and GLUT1 suggests upregulation of the 
HIF pathway by a non–VHL-dependent 
mechanism     

  Array CGH studies have failed to reveal a • 
characteristic chromosomal imbalance for the 
unique tumor  
  A minority of cases show low copy number • 
gains of chromosome 7 and/or 17, in contrast 
to the more frequent gains in papillary 
carcinoma

   Recent studies of the genomic pro fi le of  –
renal cell carcinoma in endstage renal dis-
ease, including clear cell papillary renal 
cell carcinoma, by analysis of genomic 
copy number aberrations reveal similar 
genomic pro fi les to papillary renal cell 
carcinoma     

  Molecular differential diagnosis• 
   Clear cell renal cell carcinoma –

   Perhaps the most likely entity to be con-�

sidered in the differential diagnosis, due 
to the prominent clear cell cytology and 
areas of compact tubular/ductular 
growth, resembling and sometimes 
nearly identical to the solid areas of 
clear cell carcinoma  

  Absence of 3p or  � VHL  gene abnormali-
ties by molecular methods may be help-
ful in supporting the diagnosis of clear 
cell papillary renal cell carcinoma for 
challenging cases, combined with the 
coexpression of cytokeratin 7 and 
CA-IX by immunohistochemistry     

  Papillary renal cell carcinoma –
   May also be considered in the differen-�

tial diagnosis of clear cell papillary 
renal cell carcinoma, particularly when 
the branched papillary component is 
prominent  
  Papillary carcinoma cases may have �

areas of clear cell change that may raise 
the possibility of clear cell papillary 
renal cell carcinoma, particularly in 
biopsy specimens  
  Although a speci fi c genetic alteration to �

differentiate the two lesions is lacking, 
papillary carcinoma more frequently 
exhibits gains of chromosomes 7 and 
17, compared to clear cell papillary car-
cinoma, in which low copy-number 
gains of these chromosomes are reported 
in a minority of cases     

  Multilocular cystic renal cell carcinoma –
   May be a signi fi cant consideration in �

the differential diagnosis, as clear cell 
papillary renal cell carcinoma may have 
a very prominent cystic component with 
only a minimum of ductular/tubular 
architecture and small, focal branched 
papillae  
  Similar to clear cell carcinoma in general, �

3p abnormalities by FISH can be detected 
in the majority of cases of multilocular 
cystic renal cell carcinoma, while they 
have not been demonstrated in clear cell 
papillary renal cell carcinoma           

   Mucinous Tubular and Spindle Cell 
Carcinoma 

    Mucinous tubular and spindle cell carcinoma • 
is a unique neoplasm with distinctive morpho-
logic features, including small cuboidal and 
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spindle cells, arranged in elongated tubules or 
sheets with a mucinous background

   Lesions are generally low grade and low  –
stage with infrequent metastasis     

  Signi fi cant morphologic overlap with type I • 
papillary renal cell carcinoma has raised a 
challenging differential diagnosis and specu-
lation that the two entities are related

   However, gains of chromosomes 7 and 17  –
and losses of chromosome Y are generally 
lacking by FISH studies  
  CGH and cytogenetics have demonstrated  –
losses of chromosomes 1, 4, 6, 8, 9, 13, 14, 
15, and 22 and gain of chromosomes 12q, 
16q, 17, and 20q in smaller numbers of 
cases, suggesting that complex karyotypic 
abnormalities are present in the tumor        

   Xp11 Translocation Carcinoma 

    Renal carcinomas associated with Xp11.2  –
translocation comprise a spectrum of 
tumors with unique light microscopic fea-
tures and speci fi c translocations involving 
the  TFE3  transcription factor gene (tran-
scription factor binding to IGHM enhancer 
3), located at chromosome Xp11.2 
(Fig.  9.6a, b )
    Xp11 translocation carcinoma is thought to  –
be the most common subtype of renal cell 
carcinoma in children, more frequently 
seen in children and young adults

   Makes up a small percentage of renal �

tumors in adults (estimated 1% or less), 
in whom other subtypes of renal cell 

  Fig. 9.6     (a ) Xp11 translocation carcinoma, characterized 
by a mixed population of cells with clear and eosinophilic 
cytoplasm. Strong nuclear overexpression of TFE3 pro-
tein can be detected by immunohistochemistry ( b ). ( c ) 

Melanotic Xp11 translocation carcinoma, demonstrating 
scattered cells with prominent cytoplasmic pigmentation 
and ( d ) nuclear overexpression of TFE3 by 
immunohistochemistry       
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carcinoma are seen with much greater 
frequency

   However, gene fusion may be unde- �
tected in a subset of adult cases, 
which shows extensive morphologic 
similarity with clear cell renal cell 
carcinoma or papillary renal cell 
carcinoma  
  Overall numbers of cases in adults  �
may, therefore, be greater than those 
in children        

  The   – TFE3  gene is a member of the 
microphthalmia transcription factor/tran-
scription factor E (MITF–TFE) family, 
which also includes  TFEB ,  TFEC , and 
 MiTF  (involved in melanocyte 
development)

   Such genes have been implicated in �

various tumors, such as melanoma, 
clear cell sarcoma, alveolar soft part 
sarcoma, and some perivascular epithe-
lioid cell neoplasms (PEComa)  
  Pigmented Xp11 translocation carcino-�

mas with melanin have also been 
described, so-called “melanotic Xp11 
translocation renal cancer” (Fig.  9.6c, d )     

  A variety of fusion partners have been  –
implicated in the translocations with  TFE3 , 
including the following:

    � ASPL  gene—t(X;17)(p11.2;q25)
     � ASPL – TFE3  gene fusion (unbal-
anced) is seen also in alveolar soft 
part sarcoma

      ASPL–TFE3  fusion protein 
appears to transactivate the  MET  
promoter, increasing  MET  mRNA 
expression with associated high 
levels of MET protein by IHC and 
Western blot methods        

   � PRCC  gene—t(X;1)(p11.2;q21)  
   � PSF  gene—t(X;1)(p11.2;p34)  
   � NONO  gene—inv(X)(p11;q12)  
  � CLTC gene—t(X;17)(p11.2;q23)  
  Other fusions with undetermined gene �

partners, including the following:
   t(X;3)(p11.2;q23)   �
  t(X;19)(p11.2;q13.1)   �

  t(X;10)(p11.2;q23)         �
  Evidence of   – TFE3  gene fusion can be dem-
onstrated by immunohistochemical nuclear 
labeling for the TFE3 protein (Fig.  9.6b, d )

   Cathepsin K has been reported to be �

another sensitive and speci fi c marker by 
immunohistochemistry        

  Light microscopy• 
   Tumors may show variable admixtures of  –
cells with clear cytoplasm and/or eosino-
philic cytoplasm, as well as papillary and 
nested/solid architecture, sometimes with 
psammoma bodies  
  In contrast to other types of renal cell  –
carcinoma, markers of epithelial differ-
entiation are less frequently expressed 
by immunohistochemistry, such as epi-
thelial membrane antigen (EMA) or 
cytokeratin

   Similarly, decreased expression of �

vimentin can be seen     
  Tumors associated with   – ASPL – TFE3  gene 
fusion tend to exhibit a characteristic light 
microscopic appearance including volumi-
nous clear cytoplasm with nested and pap-
illary architecture  
  In contrast, tumors with   – PRCC – TFE3  
fusion tend to demonstrate more compact 
architecture with less abundant clear 
cytoplasm     

  Molecular differential diagnosis• 
   Clear cell renal cell carcinoma –

   A signi fi cant component of clear cell �

cytology may raise the differential diag-
nosis between clear cell carcinoma and 
Xp11 translocation carcinoma  
  Underexpression of typical markers of �

clear cell carcinoma by immunohis-
tochemistry, such as cytokeratin, EMA, 
and vimentin, coupled with nuclear 
expression of TFE3 protein may aid in 
resolving the differential diagnosis  
  FISH studies utilizing a breakapart �

probe for the  TFE3  gene have been pro-
posed as a useful molecular tool for 
veri fi cation     

  Papillary renal cell carcinoma –



196 S.R. Williamson et al.

   Papillary architecture, psammoma bod-�

ies, and variable amounts of eosino-
philic cytoplasm may also raise 
consideration for papillary carcinoma  
  Similarly, molecular studies including �

 TFE3  evaluation and common chromo-
somal abnormalities for papillary carci-
noma (7, 17, Y) may be helpful, 
combined with expression of TFE3 pro-
tein by immunohistochemistry and 
other typical markers of papillary 
carcinoma        

  Implications of molecular genetic alterations • 
on therapy

   Due to transactivation of the   – MET  pro-
moter by the  ASPL–TFE3  fusion protein, 
therapy directed against the MET tyrosine 
kinase has been proposed as a potential 
therapeutic strategy  
  Elevated expression of phosphorylated S6  –
in Xp11 translocation renal cell carcinoma 
suggests the mTOR pathway as another 
potential therapeutic target        

   Renal Cell Carcinoma Associated with 
t(6;11) 

    Renal cell carcinomas associated with t(6;11)• 
(p21.1;q12–13) have also been recently 
described (also called  TFEB -associated renal 
neoplasm)

   Seen preferentially in young patients,  –
although cases in the sixth decade or later 
have also been reported  
  Many tumors have shown generally indo- –
lent behavior, although metastases and 
aggressive behavior with death of disease 
have been reported in a smaller subset of 
cases  
  Light microscopy –

   Morphologic features may show �

signi fi cant overlap with other subtypes 
of renal cell carcinoma, such as clear 
cell carcinoma or Xp11 translocation 
carcinoma, including nested or solid 
growth with eosinophilic, granular, or 
clear cytoplasm  

  A characteristic second population of �

smaller cells with dense nuclear chro-
matin and less abundant cytoplasm, 
centered around collections of hyaline 
(basement membrane) material, is vari-
ably prominent  
  Coexpression of HMB45 and Melan A �

may bring epithelioid angiomyolipoma 
into the differential diagnosis        

  At the molecular genetic level, tumors show • 
fusion of the 5 ¢  aspect of the  MALAT1 gene  
(also known has Alpha) at 11q12, with the 
 TFEB  gene at 6p21

   Signi fi cant upregulation of TFEB protein  –
levels results from promoter substitution, 
likely leading to changes in expression of 
downstream genes  
  Similar to the TFE3 protein expression  –
seen in Xp11 translocation carcinoma, 
immunohistochemical staining for nuclear 
expression of the TFEB protein may be 
helpful in establishing the diagnosis of 
renal cell carcinoma associated with 
t(6;11)

   As the  � MALAT1  gene lacks introns, both 
RT-PCR and DNA PCR have been uti-
lized in con fi rmation of the gene fusion  
  Cathepsin K has been reported to have �

speci fi city in labeling these tumors (in 
addition to  TFE3 -positive Xp11 trans-
location carcinomas)     

  A few tumors have also been found to have  –
losses of chromosomes 1 and 22     

  Molecular differential diagnosis• 
   A number of entities may be considered in  –
the differential diagnosis of carcinomas 
associated with t(6;11), such as clear cell 
renal cell carcinoma, angiomyolipoma 
(and epithelioid angiomyolipoma), and 
Xp11 translocation carcinoma (particularly 
tumors associated with  ASPL–TFE3  
fusion)  
  Molecular studies may be useful in  –
resolving this differential diagnosis, 
combined with the unique light micro-
scopic features, and immunohistochemi-
cal expression of melanocytic markers 
and TFEB protein        
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   Tubulocystic Carcinoma 

    Tubulocystic carcinoma is an uncommon renal • 
neoplasm, characterized microscopically by 
tubular and cystic architecture, lined by a sin-
gle layer of cells with eosinophilic cytoplasm, 
prominent nucleoli, and hobnail cells  
  Relatively little is known about the molecular • 
genetics of these unusual lesions

   Gene expression pro fi ling has demon- –
strated a unique molecular signature for 
tubulocystic carcinoma  
  The variable presence of chromosomal  –
gains of 7 and 17 with loss of Y has led 
some authors to consider that the lesion 
bears a close relationship with papillary 
renal cell carcinoma ( see  section “Papillary 
Renal Cell Carcinoma”)

   Along these lines, the gene expression �

pro fi le has been found to be most closely 
related to papillary carcinoma by some 
investigators     

  Alternative hypotheses have proposed that  –
tubulocystic carcinoma represents a low-
grade collecting duct carcinoma; however, 
gene expression pro fi les show signi fi cant 
differences between the two entities        

   Acquired Cystic Disease-Associated 
Renal Cell Carcinoma 

    Patients with endstage renal disease and • 
acquired cystic kidney disease are prone to 
development of various types of renal cell car-
cinoma, including clear cell carcinoma, papil-
lary carcinoma, and clear cell papillary renal 
cell carcinoma

   However, acquired cystic disease-associ- –
ated renal cell carcinoma appears to repre-
sent a unique tumor subtype in this setting 
with distinctive histologic and possibly 
molecular features     

  Light microscopy• 
   Unique features in these tumors include  –
abundant eosinophilic cytoplasm, variable 
solid, cribriform, tubulocystic, and papil-
lary architecture  

  Deposits of calcium oxalate crystals are a  –
characteristic and distinctive feature     

  At the molecular genetic level, FISH studies • 
have revealed the following:

   Gains of chromosomes 1, 2, and 6, with or  –
without gains of 10, or normal comple-
ments of these chromosomes (in one case)  
  Mixed trisomy and monosomy for chro- –
mosomes 3 and 16, with additional mono-
somy of chromosome 9 in the setting of 
sarcomatoid change     

  Another case revealed gains of chromosomes • 
3, 7, 16, and X, and loss of Y by cytogenetics  
  These molecular genetic characteristics sug-• 
gest distinction of these unusual tumors from 
other well-known subtypes of renal cell 
carcinoma  
  Further investigation of the molecular genetic • 
characteristics may better characterize the 
pathogenesis of these neoplasms and the abil-
ity to establish the diagnosis by molecular 
genetic methods     

   Collecting Duct Carcinoma 

    Collecting duct carcinoma (or carcinoma of • 
the collecting ducts of Bellini) is a rare but 
highly aggressive renal neoplasm

   Believed to originate from cells of the dis- –
tal nephron/collecting duct epithelium     

  Light microscopy• 
   Tumors are characterized by trabecular,  –
papillary, solid, and glandular architecture, 
with extensively in fi ltrating growth     

  At the molecular genetic level, cytogenetic • 
studies have found monosomy of chromo-
somes 1, 6, 14, 15, and 22

   Frequent allelic loss has been identi fi ed on  –
chromosomal arms 1q, 6p, 8p, 13q, and 21q

   LOH on 1q is observed in two-thirds of �

cases, and LOH at 6p, 8p, 13q, and 21q 
have also been reported  
  Deletion of 1q32.1–32.2 was identi fi ed �

in 57–69% of collecting duct carcino-
mas, suggesting that this region may 
contain a tumor suppressor gene 
involved in carcinogenesis  
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  As loss of chromosome arm 8p in clear �

cell renal cell carcinoma has been asso-
ciated with high stage and aggressive 
behavior, this region may be important 
in the aggressive behavior of collecting 
duct carcinoma

   Generally, losses of chromosome 3p  �
are not seen in collecting duct carci-
noma, although  VHL  allelic loss has 
been reported in some cases     

  Allelic loss of 9p, seen frequently in �

urothelial carcinoma, shows variable 
results in collecting duct carcinoma, 
ranging from absent to 50% of cases        

  Loss of tumor suppressor gene  • RB  (retinoblas-
toma) has also been reported to be present in a 
signi fi cant number of cases  
  Expression of MET by immunohistochemis-• 
try represents an area of similarity between 
collecting duct carcinoma, urothelial carci-
noma, and papillary carcinoma  
  Recent studies have found loss of INI1 expres-• 
sion by immunohistochemistry in 15% of col-
lecting duct carcinoma, suggesting possible 
alterations of the  INI1  gene ( SNF5/BAF47/
SMARCB1 ), although only a small number of 
cases have shown this  fi nding  
  Gene expression pro fi le studies comparing • 
collecting duct carcinoma with tubulocystic 
carcinoma reveal differential expression of 
selected genes, including  VIM ,  TP53 , and 
 AMACR , supporting the interpretation that the 
two entities are distinct  
  Molecular differential diagnosis• 

   Urothelial carcinoma –
   Urothelial carcinoma may have consid-�

erable overlap with collecting duct car-
cinoma at the microscopic level  
  In general, gains of chromosomes 3, 7, �

and 17 and loss of 9p21 (as tested with 
the UroVysion probe set) are seen pref-
erentially in urothelial carcinoma rather 
than collecting duct carcinoma; how-
ever, some overlap in the genetic char-
acteristics of the two tumors is possible 
(such as variable allelic loss at 9p)  
  Collecting duct carcinomas show com-�

plex losses of 1, 6, 14, 15, and 22     

  Medullary carcinoma –
   Differentiation of medullary carcinoma �

from collecting duct carcinoma may be 
challenging; some authors have sug-
gested that the two entities are related  
  Loss of expression of INI1 has been �

identi fi ed in medullary carcinoma and 
rarely in collecting duct carcinoma, pos-
sibly representing an area of distinction     

  Papillary renal cell carcinoma –
   Particularly in high-grade cases of pap-�

illary renal cell carcinoma, differentia-
tion from collecting duct carcinoma 
may be aided by molecular studies for 
trisomy of chromosomes 7, 17, and Y           

   Renal Medullary Carcinoma 

    Renal medullary carcinoma is a rare, aggres-• 
sive malignancy, prone to affect individuals 
with sickle cell trait, although patients without 
hemoglobinopathies have also been reported  
  Light microscopy• 

   Histologic features of renal medullary car- –
cinoma include tubular or cribriform archi-
tecture with marked desmoplasia and an 
acute in fl ammatory reaction  
  Cells are often eosinophilic, with promi- –
nent nucleoli  
  Sarcomatoid features are sometimes present   –
  Overlap in appearance with collecting duct  –
carcinoma raises the possibility that the 
two entities are related     

  Loss of expression of INI1 protein by immu-• 
nohistochemistry has recently been identi fi ed 
in renal medullary carcinoma, representing a 
point of similarity to rhabdoid tumor of the 
kidney and distinction from other renal tumors 
(such as urothelial carcinoma and other sub-
types of renal cell carcinoma)

   INI1 expression is also retained in renal cell  –
carcinomas with a rhabdoid morphology     

  Otherwise, molecular genetic abnormalities in • 
renal medullary carcinoma are heterogeneous, 
with individual cases found to variably exhibit 
the following:

   Loss of chromosome 22 by CGH   –
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  t(9;22) and t(10;16) with   – BCR–ABL  gene 
rearrangement by FISH  
  Fusion between the genes for cytoskeletal  –
protein vinculin ( VCL ) and  ALK   
  Double (germline and somatic) mutations  –
for the  FH  gene

   Also involved in the HLRCC syndrome     �

  Double somatic mutations in the   – VHL  
gene

   Involved in the VHL syndrome and spo-�

radic clear cell renal cell carcinoma     
    – VHL  gene promoter hypermethylation 
(epigenetic silencing)  
  Increased expression of HIF1  – a  by 
immunohistochemistry     

  In combination, these  fi ndings have led to the • 
hypothesis that renal medullary carcinoma may 
be related to hypoxic conditions (as in sickle 
cell hemoglobinopathy) or mutations that affect 
the hypoxia-sensing pathways and contribute to 
HIF1 a  signaling ( VHL ,  FH , and others)  
  Implications of molecular genetic alterations • 
on therapy

   Studies utilizing whole genome expression  –
analysis revealed increases of topoi-
somerase II (TopoII) with deregulation of 
DNA remodeling and repair

   Utilization of TopoII-inhibiting agents �

shows potential for treatment of meta-
static renal medullary carcinoma           

   Unclassi fi ed Renal Cell Carcinoma 

    Unclassi fi ed renal cell carcinoma, as the name • 
suggests, is a diagnostic category for tumors 
which fail to  fi t well into one of the known 
subtypes of renal cell carcinoma

   Features that may contribute to this inabil- –
ity to de fi nitively classify a tumor include 
the following:

   A mixture of microscopic features of �

two or more distinct subtypes of renal 
neoplasm (mixed papillary and solid/
tubular architecture or overlapping 
cytologic features of more than one 
subtype)  

  Oncocytic or granular, eosinophilic �

cytoplasm (which may be seen as a 
common endpoint in several renal cell 
carcinoma subtypes, as well as 
oncocytoma)  
  Spindle cell component (such as a sar-�

comatoid carcinoma without overtly 
identi fi able features of a particular epi-
thelial subtype)  
  Other unusual features in a tumor that �

appears to be of primary renal origin     
  Not surprisingly, molecular diagnostic  –
studies may aid in resolving the differen-
tial diagnosis for such cases

   Virtual karyotyping with single nucleotide �

polymorphism (SNP) microarrays has 
been proposed as a diagnostically prac-
tical method, often able to successfully 
categorize otherwise challenging cases  
  Other methods, such as FISH, for the �

characteristic chromosomal abnormali-
ties of common renal neoplasms may be 
helpful (such as chromosome 3p, 7, 17, 
Y, and others)           

   Other Tumors 

   Epithelioid Angiomyolipoma and Other 
Renal PEComas 

    In addition to angiomyolipoma, other members of • 
the PEComa family of tumors affecting the kid-
ney include epithelioid angiomyolipoma and a 
number of other variants, such as the following:

   Microscopic angiomyolipoma and intra- –
glomerular angiomyolipoma  
  Angiomyolipoma with epithelial cysts   –
  Oncocytoma-like angiomyolipoma   –
  Lymphangioleiomyomatosis of the renal  –
sinus     

  PEComas are considered to originate from the • 
perivascular epithelioid cell (PEC), a unique 
cell type without a known normal counterpart

   Notable for coexpression of markers of  –
myogenic and melanocytic differentiation, 
suggesting a neural crest origin or acquisi-
tion of melanocytic expression through 
translocation or mutational event     
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  Epithelioid angiomyolipoma and other • 
PEComas may be seen sporadically and also 
in the context of tuberous sclerosis ( see  sec-
tion “Tuberous Sclerosis”)

   LOH of the   – TSC2  gene has been reported 
in some cases of sporadic epithelioid 
angiomyolipoma, with variable 
frequency  
  Sporadic cases of renal angiomyolipoma  –
and PEComa of other organs show activa-
tion of the mTOR pathway, with expression 
of phospho-S6 kinase and phospho-S6

  Other genetic abnormalities besides dis-�

ruption of the  TSC  genes may be 
involved in the pathogenesis of 
PEComas    

  Losses of chromosomes 1p, 17p, 18p, and  –
19 and gains of 2q, 3q, 5q, 12q, and X have 
been identi fi ed in renal angiomyolipoma 
with a similar distribution of abnormalities 
in PEComa        

   Adult Nephroblastoma (Wilms Tumor) 
    Occurrence of nephroblastoma or Wilms • 
tumor in adult patients is unusual (approxi-
mately 3% of cases), showing similar light 
microscopic features to those of pediatric 
patients

   Recent studies using high-resolution  –
genomic analysis revealed more pro-
nounced genetic complexity than seen in 
pediatric cases, suggesting its distinct bio-
logical status compared to pediatric 
tumors

   Uniparental disomies of the majority of �

chromosomes  
  Microdeletions of genes involved in �

tumor formation ( LRP1B ,  FHIT , and 
 WWOX ) and organogenesis ( NEGR1  
and  ZFPM2 )     

  In contrast, allelic loss patterns have  –
revealed similar abnormalities by RFLP in 
both adult and pediatric patients        

   Carcinoid Tumor/Neuroendocrine 
Carcinoma 

    Carcinoid tumor and neuroendocrine carci-• 
noma (small cell carcinoma) of the kidney are 

uncommon neoplasms with similar morpho-
logic features to neuroendocrine tumors seen 
in other organs

   Histogenesis of neuroendocrine tumors in  –
the kidney is not completely clear; hypoth-
eses have included the following:

   Neuroendocrine differentiation of a �

primitive totipotential cell line  
  Metastasis from an occult primary �

tumor elsewhere  
  Misplaced progenitor cells or teratoma-�

tous cells
   Carcinoid tumor has been reported  �
in a number of cases in association 
with horseshoe kidney or renal 
teratoma  
  Tumors have been found to gener- �
ally lack reactivity for PAX2 and 
PAX8 by immunohistochemistry, in 
contrast to other tumors of renal 
origin     

  In small cell carcinoma, frequent asso-�

ciation with other urothelial carcinoma 
components supports a multipotent 
urothelial stem cell as a potential origin 
rather than intrinsic urinary tract neu-
roendocrine cells     

  Relatively few studies have investigated  –
renal carcinoid tumors at the molecular 
genetic level

   FISH for translocation involving the �

 EWSR1  gene has been suggested as a 
helpful marker in distinguishing renal 
carcinoid tumor from primitive neu-
roectodermal tumor (PNET)  
  In individual cases, tumors have been �

found to exhibit chromosome 3p abnor-
malities, numerical/structural aberra-
tions of chromosome 13, or a normal 
karyotype           

   Primitive Neuroectodermal Tumor 
    PNET may sometimes arise primarily within • 
the kidney (peripheral PNET or Ewing 
sarcoma)

   The majority of tumors show the transloca- –
tion t(11;22)(q24;q12) with a fusion  transcript 
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between the  EWS  gene (22q12) and the  ETS -
related oncogene,  FLI1  (11q24)

   85–95% of cases, depending on �

method     
  Variant translocations with   – EWS  include 
other  ETS -related oncogenes: ( ERG  at 
21q22), ( E1AF  at 7p22), ( FEV  at 2q33), 
and (17q12)     

  Molecular differential diagnosis• 
   Differential diagnosis can be challenging,  –
including the following:

   Intrarenal neuroblastoma  �

  Carcinoid tumor  �

  Neuroendocrine carcinoma/small cell �

carcinoma  
  Lymphoma  �

  Wilms tumor (particularly blastemal �

predominant cases)     
  Although immunohistochemical staining  –
has largely been considered useful in 
resolving dif fi cult cases (positive for CD99, 
FLI1, and negative for WT1), molecular 
methods are recommended in many cases, 
as considerable overlap may be present

   RT-PCR for the  � EWS–FLI1  fusion tran-
script and/or breakapart FISH probe for 
 EWSR1  may be used to con fi rm the 
diagnosis of renal PNET           

   Urothelial Carcinoma 
    Urothelial carcinoma (transitional cell carci-• 
noma) in the upper urinary tract largely shows 
similar histologic features to tumors arising in 
the bladder  
  In some cases, urothelial carcinoma may • 
extensively in fi ltrate the kidney, raising a chal-
lenging clinicopathologic differential diagno-
sis with other malignancies, such as high-grade 
papillary renal cell carcinoma, medullary car-
cinoma, collecting duct carcinoma, and meta-
static carcinoma to the kidney

   Urothelial carcinoma frequently exhibits  –
gains of chromosomes 3, 7, and 17 and loss 
of 9p21

   FISH probes for abnormalities of these �

chromosomes (UroVysion) may sup-
port a diagnosis of urothelial 
carcinoma  

  However, other tumors involving the �

urinary tract may also show positivity 
with the probe set

   Primary bladder tumors: squamous  �
cell carcinoma, adenocarcinoma, and 
urothelial carcinoma with squamous 
differentiation  
  Primary renal tumors: clear cell,  �
papillary, chromophobe, and sarco-
matoid renal cell carcinomas  
  Secondary tumors: adenocarcinoma  �
of colonic, prostatic, and cervical 
origin           

  Other characteristic genetic abnormalities in • 
urothelial carcinoma include the following:

   Mutation of the   – FGFR3  gene in super fi cial 
papillary neoplasms, associated with frequent 
recurrence and less frequent progression to 
invasion  
  Mutation of   – TP53  in high-grade, invasive 
urothelial carcinomas     

  Familial cancer syndromes• 
   In the setting of hereditary nonpolyposis  –
colorectal cancer (HNPCC) syndrome 
(Lynch syndrome), patients are predis-
posed to various tumors other than col-
orectal neoplasms  
  Other sites of involvement include endo- –
metrium, ovary, small bowel, stomach, 
hepatobiliary, skin, brain, and urinary tract 
(particularly the upper urinary tract)  
  The HNPCC syndrome involves the muta- –
tion of mismatch repair genes, including 
 MLH1 ,  MSH2 ,  MSH6 , and  PMS2 

   Defective DNA mismatch repair leads �

to more rapid accumulation of errors in 
microsatellite regions  

        Molecular differential diagnosis• 
   Collecting duct carcinoma –

   Complex losses of chromosomes 1, 6, �

14, 15, and 22 with absence of allelic 
loss at 9p may support a diagnosis of 
collecting duct carcinoma, though some 
overlap may exist with urothelial 
carcinoma     

  Medullary carcinoma –
   Loss of expression of INI1 by �

 immunohistochemistry is seen in renal 
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medullary carcinoma, a feature that 
may be of diagnostic utility in differen-
tiating tumors from urothelial 
carcinoma     

  Papillary renal cell carcinoma –
   Uncommonly, papillary renal cell carci-�

noma may show a high-grade, in fi ltrative 
tubular growth pattern with areas that 
may mimic urothelial carcinoma, par-
ticularly in the setting of biopsy 
specimens  
  Presence of the characteristic numerical �

abnormalities of chromosomes 7, 17, or 
Y may be helpful in supporting a diag-
nosis of papillary carcinoma             

   Benign Neoplasms 

   Angiomyolipoma 

    Angiomyolipoma is a benign neoplasm and • 
the most common tumor of the PEComa fam-
ily, composed histologically of variable 
amounts of smooth muscle, adipose tissue, 
and blood vessels

   Tumors show positivity for both markers  –
of smooth muscle and melanocytic 
origin     

  Represents a primary manifestation of the • 
TSC, seen in 60–80% of patients ( see also  
section “Tuberous Sclerosis”)

   Also found sporadically in approximately  –
1 in 300 individuals without TSC

   Approximately 80% of patients with �

angiomyolipoma do not have TSC  
  Usually unifocal, compared to bilateral �

and multifocal involvement in TSC 
patients        

  Proposed to arise from a renal mesenchymal • 
precursor cell

   RT-PCR detection of mRNA for gp100  –
(the antigenic target of HMB45) can be 
detected in low levels in proximal and dis-
tal tubules of the normal kidney     

  Losses of chromosomes 1p, 17p, 18p, and 19 • 
and gains of 2q, 3q, 5q, 12q, and X have been 

identi fi ed in renal angiomyolipoma, similar to 
the abnormalities seen in PEComa  
  Similar to tuberous sclerosis, loss of  • TSC2  has 
been identi fi ed in sporadic angiomyolipoma; 
however, frequency has been variable, ranging 
from 10% to 50%

   By immunohistochemical methods, tumors  –
show activation of the mTOR pathway with 
expression of phospho-S6 kinase and 
phospho-S6     

  Implications of molecular genetic alterations • 
on therapy

   Targeted therapy with mTOR pathway  –
inhibitors (rapamycin/sirolimus, everoli-
mus) have shown potential for controlling 
angiomyolipoma growth  
  However, concern for resumption of tumor  –
growth after cessation of therapy has been 
raised        

   Oncocytoma 

    Renal oncocytoma is a benign neoplasm, char-• 
acterized by a nested or trabecular architec-
ture, composed of “oncocytic” cells with 
abundant, granular eosinophilic cytoplasm 
and round, generally uniform nuclei

   Tremendous overlap may exist with  –
chromophobe carcinoma, particularly 
the eosinophilic variant, leading to great 
potential utility for molecular diagnos-
tic studies     

  Loss of chromosomes 1, Y, and X, rearrange-• 
ment/translocation of 11q12–13, and loss of 
14q have been reported in oncocytoma

   Many tumors have normal complements of  –
chromosomes (Fig.  9.1g, h ); however, 
abnormalities of chromosome 1 are the 
most common nondisomic  fi nding in spo-
radic and familial cases

   Similar  fi ndings have been demonstrated �

utilizing cytogenetics, FISH, CGH, and 
SNP-based oligoarray methods     

  Loss of a tumor suppressor gene residing  –
on chromosome 1p has been proposed as 
an early genetic event in the development 
of oncocytoma  
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  Another subset of tumors has been found  –
to have rearrangements or translocations 
involving chromosome 11, with a break-
point at 11q12–13

   t(5;11) oncocytomas demonstrated a �

breakpoint  fl anked by the markers 
D11S443/D11S146 and the  CCND/
BCL1  locus

   Translocations have included the  �
following:

   t(5;11)(q35;q13)   
  t(9;11)(p23;q12)   
  t(9;11)(p23;q13)   
  Other chromosomal partners,  
including 1, 6, 7, and 8        

  FISH reveals close proximity of  � CCND1  
( PRAD1 ,  BCL1 ) to the 11q13.3 
breakpoint  
  In combination with cyclin D1 overex-�

pression by immunohistochemistry, 
these  fi ndings suggest a role for cyclin 
D1 in oncocytomas with the 11q 
translocation  
  An abundance of mitochondria is a key �

feature in oncocytoma, imparting the 
granular/oncocytic cytoplasmic 
characteristics

   11q13 includes a number of genes  �
for mitochondrial proteins, including 
 UCP2 ,  UCP3 ,  NDUFC2 , and 
 SDHD   
  Mitochondrial protein 2D electro- �
phoresis in oncocytoma reveals 
downregulation of NDUFS3 from 
complex I of the respiratory chain 
and upregulation of COX5A, 
COX5B, and ATP5H from complex 
IV and V           

  Molecular differential diagnosis• 
   Due to the prominent morphologic over- –
lap with the eosinophilic variant of chro-
mophobe carcinoma, a number of studies 
have been directed at identi fi cation of 
markers that are useful in distinguishing 
the two tumors

   LOH was found in chromosomes 1, 2, �

6, 10, 13, 17, and 21 at frequencies of 
90%, 90%, 96%, 86%, 85%, 90%, and 

72%, respectively, in chromophobe car-
cinoma, but not in oncocytoma          

   Renal Cell Neoplasms of Oncocytosis 
    Renal oncocytosis is characterized by oncocytic • 
changes within renal tubules, accompanied by 
the presence of multiple oncocytic tumors resem-
bling oncocytoma or chromophobe carcinoma  
  FISH studies for abnormalities of chromo-• 
somes 1, 2, 6, 10, and 17 have revealed a dis-
tinctive pattern of abnormalities in these 
tumors, including gains of all  fi ve chromo-
somes, gains of only 2 and 10, or no gains/
losses of any of the chromosomes

   In contrast, multiple oncocytomas studied  –
as controls uniformly showed no abnor-
malities of 2, 6, 10, or 17, with a subset of 
cases showing loss of chromosome 1     

  These  fi ndings have led to the hypothesis that • 
renal cell neoplasms of oncocytosis are not 
closely related to either oncocytoma or chro-
mophobe carcinoma      

   Papillary Adenoma 

    Papillary adenoma is a common benign tubular • 
proliferation, often found incidentally in kid-
neys resected for other lesions or at autopsy

   Light microscopically, papillary adenomas  –
are characterized by morphologic features 
similar to papillary renal cell carcinoma, 
including papillary or tubular architecture 
and calci fi cation; however, size is by 
de fi nition less than 5 mm     

  The molecular relationship between papillary • 
adenomas and papillary carcinomas is incom-
pletely understood

   Similar gains of chromosomes 7 and 17,  –
and loss of Y are often present  
  Progression to papillary carcinoma through  –
gains of additional chromosomes, such as 
12, 16, and 20 has been postulated  
  However, FISH studies have demonstrated  –
gains of chromosomes 12, 16, and 20 in 
small papillary adenomas

   Frequencies of gains of chromosomes �

7, 17, 16, 12, and 20, and loss of the Y 
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chromosomes were similar in both pap-
illary adenomas and papillary renal cell 
carcinomas     

  As such, chromosomal alterations do not  –
appear to be reliable for differentiating 
papillary adenoma from papillary 
carcinomas        

   Cystic Nephroma 

    Cystic nephroma is a rare benign renal neo-• 
plasm seen predominantly in women, com-
posed of epithelial and stromal components

   Microscopically, the lesion is character- –
ized by variably sized cystic spaces, lined 
by  fl attened, cuboidal, or hobnail cells with 
a spindle cell stroma, sometimes imparting 
an ovarian stroma-like appearance     

  Molecular genetic characteristics of cystic • 
nephroma are not completely understood

   Recent studies using gene expression  –
pro fi ling have found a similar pro fi le in 
cystic nephroma and mixed epithelial and 
stromal tumor (MEST) of the kidney, dis-
tinct from other renal neoplasms, includ-
ing: urothelial carcinoma, chromophobe 
carcinoma, oncocytoma, clear cell carci-
noma, papillary carcinoma, and normal 
kidney tissue     

  Overlap in characteristics with MEST has led • 
some authors to suggest the term “renal epi-
thelial and stromal tumor (REST)” as a unify-
ing name for the two lesions  
  Familial syndromes• 

   Germline mutation of the   – DICER1  gene 
(located at chromosome 14q31) has been 
identi fi ed in the setting of familial cases of 
cystic nephroma  
  Patients with germline   – DICER1  mutation 
have also been found to develop the 
following:

   Pleuropulmonary blastoma (pleuropul-�

monary blastoma familial tumor and 
dysplasia syndrome)  
  Ovarian sex cord-stromal tumors �

(including Sertoli–Leydig tumor)  
  Wilms tumor  �

  Intraocular medulloepithelioma  �

  Medulloblastoma/PNET  �

  Germ cell tumor  �

  Rhabdomyosarcoma  �

  Multinodular goiter           �

   Mixed Epithelial and Stromal Tumor 

    MEST of the kidney is a biphasic neoplasm, • 
composed of a spindled stromal component 
and variable epithelial component  
  Studies investigating the molecular genetic • 
features are limited

   Recent investigation into clonality found the  –
same pattern of nonrandom X chromosome 
inactivation in the epithelial and stromal 
components for the majority of cases, sup-
porting the theory that both components are 
neoplastic and arise from a common origin  
  Studies directed at differentiating MEST  –
from congenital mesoblastic nephroma 
have found the two lesions to be distinct, 
with MEST lacking the typical genetic fea-
tures of mesoblastic nephroma

   t(12;15)(p13;q25) and resulting  � ETV6–
NTRK3    gene fusion (cellular variant)  
  Abnormalities of chromosomes 8, 11, �

and 17 by FISH     
  One study found t(1;19)(p22; p13.1) in a  –
tumor from a male patient     

  Gene expression pro fi ling studies• 
   Tumors show a similar gene expression  –
pro fi le to cystic nephroma, distinct from 
urothelial carcinoma, chromophobe carci-
noma, oncocytoma, clear cell carcinoma, 
papillary carcinoma, and normal kidney 
tissue  
  Insulin-like growth factor 2 (  – IGF2 ) showed 
the greatest degree of differential expression 
in MEST compared to normal kidney tissue 
and other renal neoplasms (32-fold higher)  
  Carbonic anhydrase II (  – CA2 ) showed 
16-fold lower expression in MEST     

  A case of malignant MEST with rhabdoid fea-• 
tures has been described, lacking the  SYT–
SSX1  or  SYT–SSX2  fusion transcripts seen in 
synovial sarcoma



2059 Molecular Pathology of Kidney Tumors

   Molecular studies may be helpful in ruling  –
out the diagnosis of synovial sarcoma, in 
which epithelial cysts may be embedded in 
the spindle cell stroma        

   Juxtaglomerular Cell Tumor 

    Juxtaglomerular cell tumor is a rare renal neo-• 
plasm, thought to arise from the specialized 
smooth muscle of the juxtaglomerular 
apparatus

   Tumors are associated with production of  –
renin and, therefore, uncontrolled hyper-
tension and hypokalemia  
  Light microscopic features include sheets  –
of polygonal or spindled cells, round 
nuclei, and abundant eosinophilic/granular 
cytoplasm, and distinct cell borders; less 
commonly, epithelial channels and/or pap-
illary architecture may be present     

  In a study comparing the lesion with endo-• 
crine tumors of the pancreas, the juxtaglom-
erular cell tumors showed differential 
expression of a number of proteins by 
immunohistochemistry

   Nuclear accumulation of cyclin D1, p21,  –
and p27 was present, with the absence of 
cyclin D3, p53, p16(INK4a), and MDM2  
  BCL2 protein was strongly expressed and  –
RB was moderately expressed     

  Multiple methodologies have revealed loss of • 
chromosome 9 as a frequent event, as well as 
loss of chromosome 11 (or 11q)
  Other combinations of abnormalities have • 
been identi fi ed as potential pathogenetic 
events, including the following:  

  Additional loss or monosomy of chromo- –
somes X, 6, 15, and 21  
  Gain of chromosomes 3, 4, 10, 13, 17, 18   –
  Upregulation of genes:   – BM1, KIT, 
PIP4K2A, TLX1, TNIP3        

   Metanephric Adenoma 

    Metanephric adenoma is a rare neoplasm, with • 
generally benign behavior  

  Tumors are highly cellular, composed of • 
tightly packed acini, and branching tubular 
structures, lined by cells with scant cytoplasm 
and small, uniform nuclei

   Psammoma bodies and papillary structures  –
may be present, leading to signi fi cant 
resemblance to papillary renal cell carci-
noma (particularly the solid variant)     

  Analysis by a variety of molecular genetic • 
methods has demonstrated normal karyotypes 
and diploid histograms by  fl ow cytometric 
DNA content analysis in many cases; how-
ever, other studies have demonstrated the 
following:

   Frequent gains of chromosome 19 in a  –
study of nine tumors (19p more frequently 
than 19q)

   Other cases in the study revealed a �

mixture of multiple chromosomal 
imbalances, normal karyotypes, or 
abnormalities of 11q     

  Deletion of chromosome 2p, with altera- –
tion of 2p13, suggesting the site of a tumor 
suppressor gene

   Allelic imbalances were detected for �

chromosomes 2p, 7, 8p, 12q, 16q, and 20     
  Balanced pericentric inversion involving  –
the short and long arms of chromosome 9, 
inv(9)(p12q13)  
  Balanced translocation t(9;15)(p24;q24)  –
and balanced paracentric inversion inv(12)
(q13q15)  
  Dual t(1;22)(q22;q13) and t(15;16) –
(q21;p13) translocations     

  Molecular differential diagnosis• 
   Papillary renal cell carcinoma –

   Chromosome panels speci fi c for papil-�

lary renal cell carcinoma (7, 17, and Y) 
may be helpful in discrimination from 
metanephric adenoma  
  Although several studies have found �

these abnormalities to be lacking in 
metanephric adenoma, one study 
revealed trisomy of 7 and 17 with loss 
of Y in several cases, raising a challeng-
ing differential diagnosis with the solid 
variant of papillary renal cell 
carcinoma     
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  Wilms tumor –
   Common chromosomal abnormalities �

seen in Wilms tumor have been for the 
most part absent in metanephric ade-
noma (such as gain of 1q, 7q, and 12 
and loss of 11p and 16q)           

   Renomedullary Interstitial Cell Tumor 
(Medullary Fibroma) 

    Renomedullary interstitial cell tumor (for-• 
merly known as medullary  fi broma) is a fre-
quent incidental  fi nding at autopsy or 
examination of the kidney for other reasons, 
generally comprising a small (1–5 mm) med-
ullary nodule

   Light microscopic features include small  –
stellate to polygonal cells in a background 
of loose stromal material, sometimes with 
deposits of amyloid

   Ultrastructural features more in keeping �

with medullary interstitial cells rather 
than  fi broblasts led to the proposal of 
the designation renomedullary intersti-
tial cell tumor rather than medullary 
 fi broma  
  Otherwise, little is known regarding the �

molecular genetic characteristics of 
these tumors            

   Pediatric Neoplasms 

   Nephroblastoma (Wilms Tumor) 

    Nephroblastoma or Wilms tumor is the most • 
common pediatric renal malignancy and a 
relatively common solid tumor of childhood, 
composed of a triphasic population of blaste-
mal, tubular, and stromal components 
(Fig.  9.7 )

    Believed to originate from nephrogenic rests      –
  A number of inherited tumor syndromes con-• 
fer an increased risk of development of neph-
roblastoma (though germline mutations are 
the source of only approximately 5–15% of 
cases)

   Beckwith–Wiedemann syndrome –
   Associated with abnormality of 11p15.5 �

and abnormality of the  WT2  gene  
  The majority of children with the �

Beckwith–Wiedemann syndrome do 
not develop nephroblastoma; however, 
their risk is markedly increased com-
pared to the general population     

  Wilms [tumor], aniridia, genitourinary  –
[abnormalities], and [mental] retardation 
syndrome (WAGR)

   Contiguous gene syndrome with larger �

deletions of 11p13 affecting adjacent 
genes, including  WT1  and  PAX6   
  Risk for development of nephroblas-�

toma is signi fi cant, though much lower 
in aniridia patients who do not have 
involvement of the  WT1  gene     

  Denys–Drash syndrome –
   Associated with nephropathy and �

gonadal dysgenesis  
  Approximately 90% risk for develop-�

ment of nephroblastoma, associated 
with point mutation of  WT1  gene     

  Frasier syndrome –
   Development of nephroblastoma is �

uncommon     
     The majority of nephroblastoma cases are • 
sporadic

   10–20% of patients with sporadic nephro- –
blastoma have heterozygous or homozy-
gous mutation of  WT1      

  Fig. 9.7    Nephroblastoma (Wilms tumor) in a pediatric 
patient, showing a triphasic population of blastemal, tubu-
lar, and stromal components       
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  Molecular genetic alterations frequently • 
include loss of genetic material of chromo-
some 11p, the location of the  WT1  and  WT2  
genes

     – WT1  on chromosome 11p13
   Encodes a transcription factor of the �

zinc  fi nger family involved in the sur-
vival and differentiation of renal stem 
cells     

  Other abnormalities include gains of chro- –
mosomes 1q, 7q, and 12 and loss of 16q

   LOH for 1p and 16q has been associ-�

ated with relapse     
  Other genetic loci associated with the  –
development of nephroblastoma have 
included the following:

    � WT2  on chromosome 11p15.5  
   � WT3  on chromosome 16q  
   � WT4  ( FWT1 ) on chromosome 
17q12–q21  
   � WT5  on chromosome 7p15–p11.2  
   � FWT2  on chromosome 19q  
   � CTNNB1  ( b -catenin)

   Located at 3p21, mutations are seen  �
in approximately 15% of tumors  
  Involved in Wnt signaling pathway      �

   � WTX  (Wilms tumor on the X, 
 FAM123B )

   Tumor suppressor gene located at  �
Xq11.1  
  Involving the single X allele in male  �
patients or the active X in female 
patients     

   � TP53 
   Mutations of   � TP53  (17p13.1) have 
been associated with the presence of 
unfavorable, (anaplastic) histology, 
metastasis, and relapse     

  Other genes, including  � FBXW7 ,  BRCA2 , 
 HACE1 , and  GPC3            

   Clear Cell Sarcoma 

    Clear cell sarcoma of the kidney is a rare pedi-• 
atric renal malignancy, composed of epithelioid 
and/or spindled tumor cells, arranged in nests 
and cords

   A background of myxoid stromal material  –
and  fi ne, vesicular nuclear chromatin 
impart a clear appearance  
  A propensity for bone metastases led to the  –
original name “bone metastasizing renal 
tumor of childhood”     

  Unlike some of the other pediatric renal • 
tumors, molecular genetic characteristics of 
clear cell sarcoma are not well understood

   Association with a tumor predisposition  –
syndrome is not a characteristic feature     

  Occasional studies have identi fi ed tumors with • 
molecular genetic abnormalities, including 
the following:

 t(10;17) with a breakpoint at the   – TP53  
locus on chromosome 17p13

   However, most tumors have lacked �

abnormality of  TP53 , with the excep-
tion of rare cases showing positivity by 
immunohistochemistry in the setting 
of anaplasia (similar to 
nephroblastoma)  
  Such translocations have included the �

following:
   t(10;17)(q11;p12)   �
  t(10;17)(q22;p13)     recently reported  �
to involved the  FAM22  and  YWHAE  
genes 
 t(10;17)(q22;p13), del(14) �
(q24.1q31.1)        

  Other tumors have shown the following: –
   A complex karyotype including dele-�

tion of 14q23, loss of chromosome 11p, 
t(2;22)(q21;q11), loss of imprinting for 
 IGF2 , gain of 1q, loss of 10q, loss of 
terminal 4p, loss of chromosome 19, 
and gain of 19p     

  A signi fi cant number of cases have shown  –
normal karyotypes or normal CGH 
pro fi les        

   Rhabdoid Tumor 

    Rhabdoid tumor of the kidney is a highly • 
aggressive pediatric renal neoplasm, charac-
terized by sheets of tumor cells that overrun 
the normal architecture of the kidney
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   Vesicular chromatin, prominent nucleoli,  –
and hyaline cytoplasmic inclusions are fre-
quently seen  
  Similar tumors have been described in a  –
variety of anatomic sites, designated 
“malignant extrarenal rhabdoid tumor,” 
“malignant rhabdoid tumor of soft tissue,” 
or “atypical teratoid/rhabdoid tumor” (in 
the central nervous system)     

  Tumors are associated with a very poor • 
prognosis  
  The characteristic molecular genetic abnor-• 
mality of rhabdoid tumor is mutation or dele-
tion involving the  INI1  tumor suppressor gene 
on chromosome 22q11.2

   A subset of cases may have reduction of  –
INI1 protein expression due to epigenetic 
mechanisms  
  Germline mutations of   – INI1  are seen in a sub-
set of patients, presenting at an earlier age of 
6 months, associated with a worse prognosis

   Germline  � INI1  mutation has also been 
described to predispose to schwanno-
matosis and meningioma, though inter-
estingly schwannoma and rhabdoid 
tumor rarely occur together, perhaps 
due to variable penetrance        

  Molecular differential diagnosis• 
   Other kidney tumors may show rhabdoid  –
features; however, loss of expression of INI1 
protein by immunohistochemistry is a help-
ful diagnostic feature of rhabdoid tumor  
  Expression of INI1 is preserved in other  –
tumors, such as nephroblastoma, meso-
blastic nephroma, PNET, desmoplastic 
small round cell tumor, rhabdomyosar-
coma, and renal cell carcinoma  
  Molecular genetic studies for the characteris- –
tic genetic abnormalities of other tumors may 
be helpful in challenging cases

   Synovial sarcoma�

   t(X;18)(p11;q11) involving   � SYT  gene 
on chromosome 18 and  SSX1 ,  SSX2 , 
or  SSX4  on the X chromosome     

  Desmoplastic small round cell tumor�

   t(11;22)(p13;q12) resulting in  �
 EWSR1 – WT1 , or, alternatively, 
 EWSR1 – FLI1  or  EWSR1 - ERG               

   Congenital Mesoblastic Nephroma 

    Congenital mesoblastic nephroma is the most • 
common congenital renal neoplasm, generally 
occurring in the  fi rst year of life, though mak-
ing up only 2–4% of pediatric renal tumors  
  Two forms are recognized, with similar histo-• 
pathologic and molecular genetic characteris-
tics to infantile  fi bromatosis and infantile 
 fi brosarcoma

   Classic congenital mesoblastic nephroma –
   Characterized by interlacing fascicles �

of  fi broblastic cells with thin to fusiform 
nuclei, eosinophilic cytoplasm, colla-
gen deposition, and low mitotic activity  
  Frequently, the tumor intermingles with �

the adjacent structures’ renal 
parenchyma  
  Molecular genetic characteristics�

   Classic congenital mesoblastic neph- �
roma is characterized by a diploid 
karyotype  
  In contrast to cellular congenital  �
mesoblastic nephroma, the t(12;15)
(p13;q25) is absent        

  Cellular congenital mesoblastic nephroma –
   Is remarkable for greater cellularity, �

decreased cytoplasmic volume, vesicular 
nuclear chromatin, and a pushing border  
  A high mitotic rate and areas of necrosis �

may be seen  
  Molecular genetic characteristics�

   Tumors have shown t(12;15) �
(p13;q25), associated with fusion of 
the  ETV6  and  NTRK3  genes

   This fusion is also seen in infan- 
tile  fi brosarcoma, supporting the 
morphologic similarity between 
the two lesions     

  Aneuploidy of chromosomes 8, 11,  �
and 17 are also frequently seen              

   Metanephric Stromal Tumor 

    Metanephric stromal tumor is a rare, benign • 
renal neoplasm seen predominantly in 
children  
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  Light microscopic features include stellate/• 
spindled tumor cells, with thin, hyperchro-
matic nuclei

   Tumors are believed to interact with vari- –
ous renal elements, resulting in “onion 
skin” concentric rings around blood ves-
sels (angioplasia), entrapment of renal 
tubules, and sometimes juxtaglomerular 
cell hyperplasia or heterologous elements 
(glial/cartilaginous)     

  Molecular genetic characteristics of metanephric • 
stromal tumor are incompletely understood

   A recent case demonstrated partial triplica- –
tion of the segment between bands 17q22 
and 17q24.3 and duplication of the seg-
ment between bands 17q24.3 and 17q25.3 
by cytogenetic analysis and FISH studies  
  An additional case of metanephric stromal  –
tumor was recently reported in a patient 
with neuro fi bromatosis I

   Some such patients also develop juxta-�

glomerular cell hyperplasia, renal artery 
aneurysms, and renovascular angiodys-
plasia, similar to the features seen in 
metanephric stromal tumor, leading to 
the hypothesis that neuro fi bromatosis 
and possibly nephroblastoma are linked 
to metanephric stromal tumor           

   Neuroblastoma 

    Rarely neuroblastoma may present as a true • 
intrarenal mass, raising the differential diag-
nosis radiographically of other pediatric renal 
neoplasms

   Invasion of the kidney by adjacent neuro- –
blastoma, in contrast, is more common     

  Molecular genetic characteristics of neuro-• 
blastoma in general include ampli fi cation of 
 MYCN  in a subset of cases

   A recent study of eight cases of primary  –
intrarenal neuroblastoma revealed absence 
of  MYCN  ampli fi cation in all of the cases 
(six) with available information

   However, other scattered cases have �

shown positive  MYCN  ampli fi cation           

   Renal Cell Carcinoma Associated with 
Neuroblastoma 

    Cases of renal cell carcinoma arising in • 
patients with long-term survival from neuro-
blastoma have also been described  
  Although therapy may play a role in the devel-• 
opment of these tumors, occasional patients 
develop renal cell carcinoma without treat-
ment or simultaneously with the 
neuroblastoma  
  Histopathologic and molecular genetic fea-• 
tures are variable

   Light microscopy –
   Tumors have shown a variety of mor-�

phologic features, including solid or 
papillary architecture, abundant eosino-
philic cytoplasm, or alternatively fea-
tures of clear cell renal cell carcinoma     

  Molecular genetic characteristics –
   At the molecular genetic level, tumors �

have shown multiple deletions by cyto-
genetic methods, or allelic imbalances 
of 20q13  
  Otherwise, the molecular genetic altera-�

tions of these unique neoplasms are not 
well understood                
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         Introduction    

    Prostate cancer (prostatic adenocarcinoma) is • 
the most common noncutaneous malignancy 
in men, occurring primarily in elderly men  

  Nearly all tumors are of the acinar adenocarci-• 
noma subtype and originate from the normal 
prostatic epithelium  
  Prostatic adenocarcinomas may arise from • 
the peripheral zone of the prostate (Fig.  10.1 ) 
or less commonly from the transition zone 
(the site of most benign prostatic 
hyperplasia)   
  Although not fully elucidated, the etiologic • 
agents contributing to the development and 
progression of prostate cancer are numerous 
and include hereditary factors, dietary habits, 
hormonal alterations, and in fl ammation/infec-
tions (Fig.  10.2 )   
  The use of prostate speci fi c antigen (PSA) • 
serum testing has revolutionized detection and 
monitoring of prostate cancer  
  Most cases are now diagnosed by transrectal • 
needle biopsy conducted after detection of 
elevated serum PSA  
  Clinically, the prognosis and treatment deci-• 
sions are largely based on the histologic grade 
reported as the Gleason score  
  Clinical progression is dif fi cult to predict in • 
low-grade cases and some may forego therapy 
for increased surveillance—so-called “active 
surveillance”  
  For clinically localized prostate cancer, radi-• 
cal prostatectomy and radiation remain the 
mainstay of treatment with adjuvant radio-
therapy and androgen deprivation therapy 
used in more aggressive cases    
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  Fig. 10.1    Zonal predisposition to prostate disease. Most 
cancer lesions occur in the peripheral zone of the gland, 
fewer occur in the transition zone, and almost none arise 
in the central zone. Most benign prostate hyperplasia 
(BPH) lesions develop in the transition zone, which might 
enlarge considerably beyond what is shown. The 
in fl ammation found in the transition zone is associated 
with BPH nodules and atrophy, and the latter is often pres-
ent in and around the BPH nodules. Acute in fl ammation 
can be prominent in both the peripheral and transition 
zones, but is quite variable. The in fl ammation in the 
peripheral zone occurs in association with atrophy in most 
cases. Although carcinoma might involve the central zone, 
small carcinoma lesions are virtually never found here in 
isolation, strongly suggesting that prostatic intraepithelial 

neoplasia (PIN) lesions do not readily progress to carci-
noma in this zone. Both small and large carcinomas in the 
peripheral zone are often found in association with high-
grade PIN, whereas carcinoma in the transition zone tends 
to be of lower grade and is more often associated with 
atypical adenomatous hyperplasia or adenosis, and less 
often associated with high-grade PIN. The various pat-
terns of prostate atrophy, some of which frequently merge 
directly with PIN and at times with small carcinoma 
lesions, are also much more prevalent in the peripheral 
zone, with fewer occurring in the transition zone and very 
few occurring in the central zone. Upper drawings are 
adapted from an image on Understanding Prostate Cancer 
website.  PIN  prostatic intraepithelial neoplasia. (From De 
Marzo 2007 Nat Rev Cancer, with permission.)       
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   Molecular Features of Prostate Cancer 

    Advances in molecular diagnostic methods • 
have led to a rapidly growing understanding of 
the molecular alterations present within pros-
tate cancer  

  As in other cancers, there appears to be a step-• 
wise progression of molecular alterations dur-
ing the development of prostate cancer, and 
the most well-recognized precursor to invasive 
prostate cancer is high-grade prostatic intra-
epithelial neoplasia (PIN)  

  Fig. 10.2    Possible causes of prostate in fl ammation. ( a ) 
Infection. Chronic bacterial prostatitis is a rare recurring 
infection in which pathogenic bacteria are cultured from 
prostatic  fl uid. Viruses, fungi, mycobacteria, and parasites 
can also infect the prostate and incite in fl ammation. The 
 fi gure represents two prostate cells infected either by bac-
teria or by viruses. ( b ) Hormones. Hormonal alterations 
such as oestrogen exposure at crucial developmental junc-
tures can result in architectural alterations in the prostate 
that produce an in fl ammatory response. ( c ) Physical 
trauma. Corpora amylacea can traumatize the prostate on 
a microscopic level. The  fi gure shows a corpora within a 
prostatic acinus in which its edges appear to be eroding 
the epithelium, resulting in an increase in expression of 
the stress enzyme cyclooxygenase 2 (PTGS2), represented 
by brown immunostaining. Prostate cell nuclei are visible 

in violet following hematoxylin staining. ( d ) Urine re fl ux. 
Urine that travels up back toward the bladder (“retro-
grade” movement) can penetrate the ducts and acini of the 
prostate. Some compounds, such as crystalline uric acid, 
can directly activate innate in fl ammatory cells. Although 
these compounds would not be expected to traverse the 
prostate epithelium, if the epithelium was already dam-
aged this would facilitate the leakage of these compounds 
into the stromal space where they would readily activate 
in fl ammatory cells. ( e ) Dietary habits. Ingested carcino-
gens (e.g., 2-amino-1-methyl-6-phenylimidazo[4,5-b]
pyridine (PhIP), which derives from charred meat) can 
reach the prostate through the bloodstream or by urine 
re fl ux and cause DNA damage and mutations, and result 
in an in fl ux of in fl ammatory cells. (From De Marzo 2007 
Nat Rev Cancer, with permission.)       
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  These techniques have yielded the identi fi cation • 
of speci fi c somatic genes and germline muta-
tions that are involved in prostate cancer  
  Recent whole-genome sequencing efforts on a • 
limited number of prostate cancers revealed a 
relatively infrequent point mutational burden 
and a frequent occurrence of complex genome 
rearrangements  
  In addition, the importance of epigenetic mech-• 
anisms in tumorigenesis has been established  
  Despite these advances, translation of these • 
 fi ndings into clinically relevant and useful 
applications is still in its early stages  
  The discovery of the  • TMPRSS2–ERG  rear-
rangement has been a signi fi cant develop-
ment in the molecular understanding of 
prostate cancer     

    TMPRSS2–ETS  Gene Fusions 

    These rearrangements involve fusion of the • 
androgen-regulated gene,  TMPRSS2 , with a 
member of one of the  ETS  family of transcrip-
tion factors,  ERG  being the most common; 
both genes occurring on chromosome 21  
  Gene fusions occur through two predominant • 
mechanisms: interstitial deletion on chromo-
some 21 or translocations resulting in insertions  
  The fusion of the genes leads to the androgen-• 
mediated overexpression of the particular  ETS  
transcription factor via  TMPRSS2 , which leads 
to a number of changes, most prominently 
altered cellular differentiation/reduced andro-
gen signaling as well as invasion  
  These fusions are highly prevalent in prostate • 
cancer, occurring in 40–70% of cases

   The gene fusion is much more common in  –
peripheral zone adenocarcinomas than in 
transition zone adenocarcinomas  
  Recent studies have shown signi fi cant vari- –
ation of the prevalence among different 
ethnicities

   The prevalence is consistently seen to �

be around 50% in Caucasians and as 
low as 17% in Asians  
  The prevalence is also reported to be lower �

in African-Americans than in Caucasians        

  Presence of the gene fusion has been found to • 
be an early event in the development of tumors 
with  TMPRSS2–ERG  rearrangements  
  Diagnostic implications• 

     – TMPRSS2–ERG  fusions have an essen-
tially 100% speci fi city for prostate cancer 
and more rarely high-grade PIN  
  Antibodies to the ERG protein product have  –
been developed for immunohistochemical 
purposes and have proven useful as an aid to 
diagnosis in cases suspicious for but not 
diagnostic of cancer by H&E alone and rou-
tine immunohistochemical stains     

  Detection of  • TMPRSS2–ERG  gene fusion tran-
scripts when added to multiplex RNA assays in 
urine and post-prostate massage specimens 
have been shown to increase sensitivity and 
speci fi city for predicting a positive repeat 
biopsy in men with initial negative biopsies  
  Prognostic implications• 

   The prognostic implications of   – TMPRSS2–
ERG  gene fusions remain controversial  
  Initial studies that were focused on levels  –
of  ERG  mRNA suggested that ERG over-
expression (and hence gene fusion) por-
tends an improved prognosis or does not 
differentially affect prognosis  
  A study of patients diagnosed by transure- –
thral resection who were not treated until 
symptomatic disease progression (e.g., 
watchful waiting cohort) showed that the 
presence of the fusion was related to poor 
outcome  
  Other studies using FISH or immunohis- –
tochemistry (IHC) on radical prostatectomy 
specimens to determine  TMPRSS2–ERG  
gene fusion status have mostly indicated no 
association of the presence of the fusion 
gene per se  
  Early evidence has proposed differential  –
prognosis for the mechanism of gene fusion, 
i.e., deletion being worse than insertion  
  A number of different mRNA transcripts  –
can be produced for the gene fusion and the 
ratio of different transcripts to each other 
has been shown to be related to prognosis  
  Animal studies and preliminary human  –
studies suggest that in combination with 
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 PTEN  loss, the presence of an  ERG  fusion 
gene may impart a worse prognosis  
  Overall, much more work needs to be  –
done to determine the true implications of 
 ETS  family member gene fusions in pros-
tate cancer     

  Predictive implications• 
   Preliminary studies have shown an increased  –
response to adjuvant androgen deprivation 
therapy in patients with both  TMPRSS2–ERG  
and the presence of  TOP2A  overexpression  
  Development of targeted therapy to  –
 TMPRSS2–ERG–  positive patients is under-
way, but has yet to introduce a clinically 
viable treatment as of yet         

   Other Somatic Alterations in Prostate 
Cancer 

    See Table  • 10.1      

   Genetic Alterations in Prostate Cancer 

    Telomere shortening• 
   Seen in most cases of high-grade PIN and  –
adenocarcinoma  
  Such shortening can lead to chromosome  –
instability  
  Occurs in many other preneoplastic and  –
neoplastic conditions     

  Many chromosomal deletions• 
   Chromosome 8p –

   Deletions and loss of heterozygosity on �

the short arm of chromosome 8 (8p) are 
seen in prostate cancer  
  The most well-studied tumor suppres-�

sor gene in this area is  NKX3.1   
   � NKX3.1  codes a prostate-restricted 
homeobox protein involved in develop-
mental regulation and reducing free 
radical effects  
  Loss of  � NKX3.1  generally involves one 
allele only  
  Since its expression is maintained �

(albeit at reduced levels compared to 
normal luminal cells) in carcinomas, 

and is not seen in other tumor types, it 
may eventually be used as a speci fi c 
marker for prostate cancer     

    – PTEN 
   A tumor suppressor gene located on �

10q23  
  Found to be deleted in 20–40% of pros-�

tate cancer  
  Loss of  � PTEN  is associated with high 
Gleason score and advanced stage 
(Fig.  10.3 )   
   � PTEN  is a lipid and protein phosphatase 
whose best known function is to dephos-
phorylate PIP3, which counterbalances 
PI3 kinase—a protein involved in the 
PI3K–AKT pathway involved in cell 
proliferation and survival  
  Loss of  � PTEN  is associated with shorter 
time to metastasis and decreased sur-
vival (Fig.  10.4 )      

    – CDKN1B 
    � CDKN1B  encodes p27, a cyclin-depen-
dent kinase inhibitor that shows infre-
quent mutations and/or deletions, but is 
commonly decreased at the protein level 
in PIN and adenocarcinoma lesions  
  One mechanism by which p27 is also �

downregulated is by the PI3K–AKT 
signaling pathway  
  Loss of p27 is associated with a poor �

prognosis in prostate cancer        
  Other tumor suppressor gene deletions• 

   Deletions of tumor suppressor genes com- –
mon to other cancers are also seen in pros-
tate cancer

    � TP53  (uncommon in primary tumors 
but is mutated in upwards of 50% of 
castrate-resistant prostate cancer)  
   � RB1  (loss is also more common in 
advanced disease)        

  Oncogenes• 
     – AR  

  The androgen receptor (encoded by  � AR ) 
is highly expressed in normal prostatic 
luminal cells and is associated with cel-
lular differentiation, and binding to its 
main ligand, DHT, is required for lumi-
nal cell survival  
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   Table 10.1    Common somatic genetic and epigenetic changes in prostate cancer    

 Gene and gene type  Location  Notes 

 Tumor-suppressor genes 
  CDKN1B   12p13.1-p12  Encodes the cyclin-dependent kinase inhibitor p27. One allele is 

frequently deleted in primary tumors 
  NKX3.1   8p21.2  Encodes prostate-restricted homeobox protein that can suppress the 

growth of prostate epithelial cells. One allele is frequently deleted 
in primary tumors 

  PTEN   10q23.31  Encodes phosphatase and tensin homolog, which suppresses cell 
proliferation and increases apoptosis. One allele is frequently lost in 
primary tumors. Some mutations are found in primary tumors and 
more in metastatic lesions 

  TP53   17p13.1  Has many tumor-suppressor functions, including cell-cycle arrest in 
response to DNA damage, senescence in response to telomere 
dysfunction, and the induction of apoptosis. Mutations are 
uncommon early, but occur in about 50% of advanced or hormone-
refractory prostate cancers 

 Oncogenes 
  MYC   8q24  A transcription factor that regulates many target genes involved in 

cell proliferation, senescence, apoptosis, and cell metabolism. 
Overexpression can directly transform cells. mRNA levels are 
commonly increased in all disease stages through unknown 
mechanism(s). Low-level ampli fi cation of the  MYC  locus is 
common in advanced disease 

  ERG   21q22.3  Proposed new oncogene for prostate cancer. Fusion transcripts with 
the 5 ¢  portion of androgen-regulated gene ( TMPRSS22 ) arise from 
deletion or chromosomal rearrangements commonly found in all 
disease stages 

  ETV1–4   7p21.3, 19q13.12, 
1q21-q23, 17q21.31 

 Encodes  ETS -like transcription factors 1–4, which are proposed to 
be new oncogenes for prostate cancer. Fusion transcripts with the 5 ¢  
portion of androgen-regulated gene ( TMPRSS22 ) arise from 
chromosomal rearrangements commonly found in all disease stages 

  AR   Xq11-12  Encodes the androgen receptor. Protein is expressed in most 
prostate cancers, and the locus is ampli fi ed or mutated in advanced 
disease and hormone refractory cancers 

 Activation of the 
enzyme telomerase 

 Maintains telomere function and contributes to cell immortaliza-
tion. Activated in most prostate cancers, mechanism of activation 
may be through  MYC  activation 

 Caretaker genes 
  GSTP1   11q13  Encodes the enzyme that catalyzes the conjugation of reduced 

glutathione to electrophilic substrates. Functions to detoxify 
carcinogens. It is inactivated in more than 90% of cancers by 
somatic hypermethylation of the CpG island within the upstream 
regulatory region 

 Telomere dysfunction  Chromosome termini  Contributes to chromosomal instability. Shortened telomeres are 
found in more than 90% of prostatic intraepithelial neoplasia (PIN) 
lesions and prostate cancer lesions 

 Centrosome 
abnormalities 

 N/A  Contributes to chromosomal instability. Centrosomes are structur-
ally and numerically abnormal in most prostate carcinomas 

 Other somatic changes 
  PTGS2, APC, MDR1, 
EDNRB, RASSF1 a , 
RAR b 2  

 Various  The hypermethylation of CpG islands within upstream regulatory 
regions occurs in most primary tumors and metastatic lesions. The 
functional signi fi cance of these changes is not yet known 

  From De Marzo 2007 Nat Rev Cancer, with permission  
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  The protein product is expressed in most �

prostatic adenocarcinomas, and its inhi-
bition by castration, medical castration, 
or by  AR  antagonists is a key well-known 
treatment for advanced prostate cancer  
  Activating mutations are found in “cas-�

trate-resistant” prostate cancer––those 
cancers that no longer respond to cas-
trate levels of testosterone and DHT 
(Fig.  10.5 )   
   � AR  gene ampli fi cation along with high 
levels of  AR  mRNA and protein expres-
sion is seen in many of these tumors  
  These mutations are thought to increase �

the sensitivity to androgen levels, which 

at times are now shown to be produced 
endogenously by the tumor  
  These  fi ndings regarding  � AR  support 
the concept of oncogene addiction in 
prostate cancer

   The need for androgen effectors on  �
proliferation and prevention of cell 
death is inherent to prostatic cells, 
normal or cancer        

    – MYC 
    � MYC  is located at 8q24 and low-level 
ampli fi cation is associated with high 
Gleason score, advanced stage, and dis-
ease progression in a subset of prostate 
cancers  

  Fig. 10.3    Phosphatase and tensin homolog (PTEN) pro-
tein loss by immunohistochemistry is highly correlated 
with prostate cancer pathologic stage and grade. ( a ) PTEN 
protein is more frequent in higher pathologic stage tumors 
( P  = 0.003 by Pearson x2 test). ( b ) PTEN protein loss is 
more common in higher Gleason grade tumors ( P  = 0.0001 

by Pearson x2 test). ( c ) PTEN protein loss is least com-
mon in benign prostate tissues and PIN and most common 
in metastatic prostate tumors ( P  = 0.001 by Pearson x2 
test). (From Lotan 2011 Clin Cancer Res., with 
permission.)       
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  Recent evidence suggests that overex-�

pression of  MYC  mRNA and protein, 
decoupled from 8q24 gain, arises as an 
early event in prostate cancer  
   � MYC  expression may be enhanced by 
 TMPRSS2–ERG  gene fusions     

    – SPOP 
    � SPOP  encodes the substrate-recognition 
component of a Cullin3-based 
E3-ubiquitin ligase  
  A missense mutation has been shown to �

be present in 6–13% of prostate cancers 
and is associated with increased invasion  

  The mutation has been seen to be mutu-�

ally exclusive with  ERG  rearrange-
ments, indicating a possible distinct 
class of prostate cancer     

    – EZH2 
    � EZH2  histone lysine methyltransferase 
involved in chromatin remodeling as part 
of the  PRC2  polycomb repressive complex  
  It is overexpressed in all phases of pros-�

tate cancer including the precursor 
lesion, high-grade PIN  
   � EZH2  promotes proliferation, invasion, 
and tumorigenicity of prostate cancer cells  

  Fig. 10.4    Phosphatase and tensin homolog (PTEN) pro-
tein loss by immunochemistry (IHC) is associated with 
poor clinical outcomes in a surgical cohort of high-risk 
prostate cancer patients. ( a ) The Kaplan–Meier curve 
shows a signi fi cant decrease in metastasis-free survival 

for patients with PTEN protein loss by IHC ( P  = 0.03). ( b ) 
The Kaplan–Meier curve for disease-speci fi c survival 
shows a nonsigni fi cant decrease in prostate cancer-speci fi c 
survival in patients with PTEN protein loss ( P  = 0.06). 
(From Lotan 2011 Clin Cancer Res., with permission.)       
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  Upregulation of  � EZH2  in prostate can-
cer can result from the following:

   Gene ampli fi cation, by deletion of its  �
negative regulator mir-101  
  Transcriptional regulation by   � ETS  
gene family members  
  Transcriptional regulation directly  �
by  MYC   
  Downregulation of other negative  �
regulators mir-26a and mir-26b, 
which are themselves negatively reg-
ulated by  MYC         

  Chromosomal gain –
    � PSCA  is a gene on chromosome 8q

   It encodes prostate stem cell antigen  �
and is a potential therapy target     

  Other genes implicated in chromosomal �

gain are  MYC ,  AR  and  EIF3S3,  and  EZH2            

   Epigenetic Alterations in Prostate 
Cancer 

    CpG hypermethylation• 
   Involves the methylation of deoxycytidine res- –
idues within CpG dinucleotides, usually in the 
upstream regulatory regions of speci fi c genes  

  The most well understood gene affected is  –
 GSTP1 

    � GSTP1  encodes a protein that is part of 
a family of enzymes that counteract 
damage from reactive chemical species 
via a glutathione-mediated mechanism  
  CpG hypermethylation results in silenc-�

ing of the gene and increased sensitivity 
to genetic damage from oxidative stress  
  This somatic genome alteration has �

been found in approximately 90% of all 
prostate cancers and can be detected in 
blood, urine, and prostate  fl uid  
  CpG hypermethylation of  � GSTP1  is 
present in >90% of prostatic adenocar-
cinomas, ~70% of PIN, and between 
4% and 6% of prostate atrophy lesions 
but is not present in normal-appearing 
prostatic epithelium     

  Other genes known to be affected by CpG  –
hypermethylation

    � APC   
   � RASSF1a   
   � ENDRB   
   � PTGS2   
   � MDR1   
   � PITX2            

  Fig. 10.5    Proliferative in fl ammatory atrophy as a precursor to prostatic intraepithelial neoplasia and prostate cancer. 
(From Nelson 2003 N Engl J Med., with permission.)       
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   Germline Alterations in Prostate Cancer 

     • RNASEL  
    – RNASEL  encodes a latent endoribonuclease 
that is thought to degrade viral and cellular 
RNA  
  Disabling mutations have been shown to be  –
found in a higher percentage of men with 
prostate cancer than those without, a differ-
ence as high as 6.9% to 2.9%, respectively, 
in certain populations  
  More conclusive work is needed to identify  –
its true role in prostate cancer     

   • MSR1 
     – MSR1 , macrophage-scavenger receptor 1 
gene located at 8p22, mutations have been 
shown in families with a high incidence of 
prostate cancer  
  Mutant alleles have been found in as high  –
as 3% of men affected with prostate cancer 
compared to 0.4% in a nonaffected control 
population     

   • AR 
   The role of   – AR  in prostate cancer is well 
established; however, most mutations are 
somatic in nature  
  Studies have shown that in populations  –
with a higher incidence of prostate can-
cer (African–Americans),  AR  is found to 
have shorter polymorphic polyglutamine 
repeats  
  This is in contrast to populations with a low  –
incidence of prostate cancer (Asians) who 
seem to have long polymorphic polyglu-
tamine repeats  
  This has led to speculation that the length  –
of these repeats affects prostate cancer sus-
ceptibility—large studies have provided 
con fl icting evidence to this theory     

   • CYP17 
     – CYP17  encodes cytochrome P-450c17-
alpha, which is involved in steroid synthesis  
  Preliminary evidence has shown a linkage  –
between a mutant allele and prostate cancer, 
but has lacked suf fi cient supporting evidence     

   • SRD5A2 
     – SRD5A2  encodes an isoenzyme of 5-alpha-
reductase, the key enzyme involved in the 

conversion of testosterone to dihydrotes-
tosterone and the target of drugs like 
 fi nasteride  
  Two variants have been associated with  –
both an increased risk of prostate cancer 
and a poor prognosis  
  The role that germline mutations in   – SRD5A2  
play at a population level is unclear     

   • HOXB13 
   Encodes a homeodomain gene that is  –
expressed in adult tissues in a prostate and 
distal GI-tract-speci fi c manner  
  A recent large study identi fi ed variants  –
associated with prostate cancer risk in both 
familial and sporadic prostate cancer     

   • BRCA1/2 
   Tumor suppressor genes, in which inher- –
ited mutations are associated with high 
penetrance of breast cancer and a some-
what less, although signi fi cant, risk of ovar-
ian cancer  
  A recent study estimating the prevalence of  –
germline  BRCA2  mutations in the United 
Kingdom resulted in an estimated 8.6-fold 
increased risk of prostate cancer by age 65, 
which corresponds to an absolute risk of 
15% by age 65         

   Clinical Implications 

   Diagnostic Utility 

    Current methods of diagnosis rely on PSA • 
testing to screen for appropriate candidates for 
needle biopsy  
  The low speci fi city of PSA leads to over-• 
utilization of needle biopsy; the less-than-
perfect sensitivity of needle biopsy leads to 
cases of missed diagnoses of prostate cancer  
  Ideally, the use of speci fi c molecular markers • 
will help accomplish the following (Fig.  10.6 ): 

   Early detection of prostate cancer with a  –
greater speci fi city than PSA to reduce 
overutilization of needle biopsy and make 
more prudent use of rebiopsy in patients 
with negative results on  fi rst-time needle 
biopsy  
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  Aid in determining which men diagnosed  –
with prostate cancer require immediate 
treatment  
  Effective monitoring of disease progression  –
in those patients with known prostate cancer, 
particularly those electing active surveillance  
  More accurate prediction and detection of  –
disease recurrence after treatment  
  Allow for the use of markers to assess the  –
ef fi cacy of nonsurgical treatments in 
advanced prostate cancer     

  The lower prevalence of mutated protein prod-• 
ucts in prostate cancer makes immunohis-
tochemical methods more challenging 
(Fig.  10.7 ) 

     – NKX3.1  is expressed in most cases of pros-
tate cancer and in very few other malignan-
cies and is under investigation as part of a 
panel of immunohistochemical markers for 
prostate cancer in cases of metastatic tumors 
of unknown origin or in cases in which one 
is attempting to distinguish high-grade 
prostate cancer from bladder cancer  

  FISH targeting   – ERG  rearrangement has a 
high speci fi city for prostate cancer  
  Immunohistochemical methods to detect  –
 ERG  rearrangement have been developed 
that have shown similar high speci fi city to 
that of FISH  
  Both methods targeting   – ERG  rearrangement 
suffer from the high number of ERG-negative 
carcinomas, with the prevalence in Western 
countries shown to be closer to the 50% mark 
of the 40–70% range stated earlier  
  Alpha methylacyl CoA racemase (AMACR)  –
is used in cases, along with basal cell mark-
ers, to help distinguish small foci of atypi-
cal glands from adenocarcinoma     

  Multifocal prostate cancer• 
   The increased sophistication of molecular  –
diagnostic techniques has allowed for the 
molecular distinction of separately arising 
lesions within the prostate  
  These  fi ndings have con fi rmed the tumor  –
heterogeneity in prostate cancer even 
within the same patient many times  
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  Fig. 10.6    Current state of “Standard of Care” practice for prostate cancer disease states. Starred numbers represent 
areas where molecular testing is currently employed or where signi fi cant value could be added by molecular testing.       
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  Most early methods used FISH to achieve  –
this goal  
    – TMPRSS2–ERG  provides a promising sin-
gle target for a more rapid assessment of 
multifocality in prostate cancer

   It has a prevalence of between 40 and �

70%; which means it will be present in 
many lesions, but not all, so the likelihood 
of two separately arising lesions having 
differing rearrangement status is high     

  Utilization of these molecular methods  –
allows for distinction of the speci fi c tumor 
type in metastases       

   Applications to Urine and Post-prostate 
Massage Urine Specimens 

    DNA methods • 
  Methylation-speci fi c PCR (MSP) –

    � GSTP1  promoter hypermethylation  

  Detected in 94% of prostate tumor �

tissue  
  Sensitivity of 73–75% with a speci fi city �

of 98% in urine specimens  
  A recent clinical grade test has been �

developed that combines GSTP1 with 
RAR-beta and APC, which shows 
promise for predicting a positive biopsy 
in men with elevated PSA  
  Disadvantages of using MSP-based �

assays include the fact that DNA must 
be  fi rst treated with sodium bisulfate. 
This is very harsh and damages DNA, 
which is already in low quantities in 
urine     

     Combination of methylated-DNA precipi- –
tation and methylation-sensitive restriction 
enzymes (COMPARE-MS)  

  Does not rely on bisulfate treatment  �

  Fig. 10.7    Molecular events in the pathogenesis of pros-
tate cancer. In the normal prostate, NKX3.1, PTEN, and 
p27 regulate the growth and survival of prostate cells. 
Inadequate levels of PTEN ( 1 ) and NKX3.1 ( 2 ) lead to a 
reduction in p27 levels ( 3 ) by a variety of mechanisms and 
to increased proliferation and decreased apoptosis ( 4 ).  GF  
denotes growth factor;  GFR  growth factor receptor;  PIP3  
phosphatidylinositol 3,4,5-triphosphate;  PIP2  phosphati-
dylinositol 4,5-diphosphate;  PI3K  phosphatidylinositide 
3-OH kinase;  PTEN  phosphatase and tensin homolog; 

 AKT  protein kinase B;  PDK1  3-phosphoinositide-depen-
dent protein kinase-1;  PDK2  3-phosphoinositide-depen-
dent protein kinase-2;  FKHR  forkhead transcription factor. 
A  red X  indicates blocked processes and molecules that 
have not been produced, a  dotted outline  reduced levels of 
molecules, and an A the poly-A tail of messenger RNA. 
The  question mark  and  dotted arrow  in the  left-hand panel  
represent the suspicion, not yet proven, that NKX3.1 
interacts directly with AKT. (From Nelson 2003 N Engl J 
Med., with permission.)       
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  Ability to multiplex a number of genes  �

  Methods based on this approach may �

show advantages when applied to urine        
  RNA methods• 

   Prostate cancer 3 (PCA3)    Expressed exclu- –
sively in prostate tissue with a much higher 
level in prostate cancer  

  Encodes an RNA product of unknown �

function that allows for targeted detection  
  Using this method yields a sensitivity of �

58–67%, a speci fi city of 66–89%, and a 
negative predictive value of 84–90%  
  A clinical grade test has recently been �

approved by the United States Federal 
Drug Administration  
  Indicated to aid in the decision for repeat �

biopsy in men 50 years of age or older who 
have had one or more previous negative 
prostate biopsies and for whom a repeat 
biopsy would be recommended by a urolo-
gist based on the current standard of care            

   Prognostic Utility 

    A number of biomarkers have been shown to • 
add value to prediction of outcome

   Ploidy status   –
  Immunohistochemical staining for Ki67,  –
BCL2, p53, and p27 Kip1   
  FISH analysis for chromosome 8q24  –
ampli fi cation  
  FISH (chromosome 10q) or IHC for PTEN      –

  None of these are currently routinely employed • 
in clinical practice  
  Epigenetic alterations• 

   Hypermethylation of   – PITX2  has been 
shown in a number of studies to correlate 
with prostate cancer biochemical recur-
rence after initial prostatectomy  
  Those with   – PITX2  hypermethylation have 
been shown to experience a fourfold increase 
in PSA relapses after radical prostatectomy  
  The prognostic utility has not been vali- –
dated in biopsy specimens     

  PSA• 
   While there is no universal agreement, the use  –
of serum PSA velocity and/or doubling time 
is a promising currently available biomarker  

  Has very strong predictive powers for dis- –
ease progression after primary treatment 
and is easily obtainable     

   • TOP2A 
     – TOP2A  is a gene involved in cell proliferation 
and DNA chromosomal formation and codes 
for a protein product of the same name  
  Increased expression of TOP2A in prostate  –
cancer has been associated with higher 
Gleason score and hormone insensitivity  
  Overexpression of   – TOP2A  has been 
strongly associated with decreased time to 
systemic progression and may prove to be 
an important prognostic indicator  
  Since this marker is tightly linked to cellu- –
lar proliferation, it is not clear whether it 
adds different information to that obtained 
by measuring Ki67        

   Predictive Utility 

     • PTEN  
    – PTEN  deletions lead to increased signaling 
of the PI3K–AKT pathway  
  Detection of low PTEN levels may predict  –
response to AKT inhibition  
  Clinical trials are underway on inhibitors  –
of this pathway and may provide targeted 
therapy in this subset of patients, especially 
in combination with newly emerging anti-
androgens and CYP17 inhibitors (which 
reduce androgen levels)     

  SPINK1• 
   SPINK1 is a protein found overexpressed in  –
some prostate cancer with a high homology 
to epidermal growth factor receptor (EGFR)  
  Preclinical work is underway to develop  –
monoclonal antibodies to SPINK1 as has 
been done with EGFR in colon cancer     

   • TOP2A 
   The gene, which encodes a topoisomerase,  –
is a target for many currently commercially 
available drugs and may prove to be a pre-
dictive marker in prostate cancer  
  Clinical trials with current topoisomerase  –
inhibitors in the setting of prostate cancer 
need to be performed to con fi rm their util-
ity in this setting     
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  Multifocal cancer• 
   As mentioned earlier, molecular techniques  –
have con fi rmed that prostate cancer is com-
monly a multifocal disease with varying 
genetic alterations  
  This implies that directed monotherapies  –
will likely not be effective against all 
tumors within a prostate. Should successful 
targeted therapies toward molecular altera-
tions come to fruition, identi fi cation of 
multifocal disease will become signi fi cantly 
more important before treatment initiation 
to predict ef fi cacy         

   Summary of Keypoints 

    Despite the prevalence of prostate cancer, the • 
molecular understanding of the disease is still 
early in its development  
  The genetic and epigenetic events contribut-• 
ing to prostate cancer are diverse and include 
many mutations common to other tumors, but 
few distinct to prostate cancer  
  Of the discovered molecular alterations in • 
prostate cancer, it is most likely that an inter-
relationship of multiple somatic genome alter-
ations are responsible for the tumorigenesis 
and progression of prostate cancer  
  The loss or suppression of tumor suppressor • 
genes is common in prostate cancer

   Chromosome 8p is commonly affected  –
with loss of one allele of  NKX3.1 , the most 
well studied and speci fi c to the prostate  
    – PTEN  loss occurs in 20–40% of prostate 
cancers and leads to activation of the PI3K–
AKT pathway  
    – CDKN1B  loss leads to decreased p27, 
which also leads to increased cellular 
proliferation     

  Oncogenes also contribute to the tumorigene-• 
sis of prostate cancer

   Mutations in   – AR  are present in advanced 
“castrate resistant” tumors and the method 
of action is still poorly understood  
  Ampli fi cations of   – MYC  are associated with 
high Gleason score and advanced disease     

  Gene fusions of  • TMPRSS2  with members of 
the  ETS  family of transcription factors are 

among the most important recent discoveries 
in prostate cancer

   Gene fusions are seen in 40% to 70% of  –
cases;  TMPRSS2–ERG  is the most com-
mon rearrangement seen  
  This gene fusion is highly speci fi c for pros- –
tate cancer and research is underway to 
evaluate its potential as both a diagnostic 
adjunct and target for therapy     

  Epigenetic alterations are very common in • 
prostate cancer

   The most common epigenetic alteration  –
seen is CpG hypermethylation  
  Hypermethylation of   – GSTP1  is seen in 
>90% of prostate cancer; it is not speci fi c 
for prostate cancer, but has never been 
reported in normal tissue, so may prove 
useful in distinguishing cancer from nor-
mal tissue     

  Germline mutations of many genes have • 
been implicated in increased susceptibility 
to prostate cancer; however, most are poorly 
understood  
  With the greater understanding of molecular • 
alterations in prostate cancer, it is hopeful that 
the following can be used to increase the diag-
nostic accuracy of the disease

     – NKX3.1  is expressed in most cases of 
prostate cancer and in very few other 
malignancies, and immunohistochemical 
markers to the protein product are in 
development  
    – TMPRSS2-ERG  has a high speci fi city for 
prostate cancer and may be helpful in 
dif fi cult cases, and urine detection methods 
are in development  
    – GSTP1  hypermethylation is highly preva-
lent in prostate cancer and highly speci fi c 
for malignancy; urine detection methods 
are in development as a screening 
mechanism  
    – PCA3  is a noncoding RNA highly overex-
pressed in prostate cancer, and urine detec-
tion has recently been approved to aid in 
determining which patients with elevated 
serum PSA require rebiopsy  
  Ideally, with greater understanding of these  –
molecular alterations, the diagnostic algo-
rithm of prostate cancer will be signi fi cantly 
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altered to both increase diagnostic accuracy 
and decrease overutilization of invasive 
procedures (Fig.  10.8 )      

  The prognostic capabilities of the molecular • 
alterations in prostate cancer are not currently 
well understood

     – TMPRSS2-ERG  rearrangement has gained 
much interest and some studies have shown 
that the presence of the rearrangement is 
strongly correlated with a poor prognosis 

in patients meeting a “watchful waiting” 
criteria  
  Others have refuted these  fi ndings and  –
claim an improved prognosis in patients 
with  TMPRSS2-ERG  rearrangements—the 
prognostic capability of the fusion is still 
controversial  
  Hypermethylation of   – PITX2  has been 
shown to have a strong correlation with 
prostate cancer progression  

Screening

Elevated PSA

Screening

Elevated PSA

Urine sampling
-Routine
-Post-massage

Negative

Negative

Wait

Positive

Positive

Biopsy

Molecular testing
DNA markers
   - Promoter methylation
       - GSTP1, etc.
RNA markers
   - PCA3
   - TMPRSS2-ERG/ETV fusion

Biopsy

Positive Negative Elevated

PSA

Normal

a b

  Fig. 10.8    ( a ) Current guidelines in the management of 
patients with elevated prostate-speci fi c antigen (PSA) at 
the time of screening. ( b ) The inclusion of molecular test-
ing for prostate cancer markers may help in predicting a 
positive prostate biopsy, therefore, reducing the number 
of patients that would otherwise enter an “elevated PSA, 

negative biopsy” loop ( dashed line ). It is also likely that 
molecular-based urine testing may supplant, or be used in 
combination with, serum PSA testing for screening for 
prostate cancer in general. (From Gurel 2008 Adv Anat 
Pathol., with permission.)       
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  Loss of   – PTEN  and increased cellular prolif-
eration are associated with prostate cancer 
progression     

  Limited targeted therapies are currently avail-• 
able to patients with the described molecular 
alterations

     – PTEN  is one of the most promising tar-
gets—decreased expression of PTEN may 
signal ef fi cacy in AKT inhibition, espe-
cially in combination with therapies target-
ing the AR pathway  
  Overexpression of SPINK1 occurs in a  –
subset of prostate cancers and it is postu-
lated that SPINK1 can be inhibited with the 
same success as EGFR has been in colon 
and lung cancer            
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      Oncogenic Pathways in Urothelial 
Carcinoma of the Urinary Bladder 

    Nonmuscle invasive (NMI; super fi cial) and • 
muscle invasive (MI) urothelial carcinoma 
(UC) of the bladder display two distinct clini-
cal phenotypes in regard to biologic behavior 
and prognosis

   Two distinct broad pathogenic pathways in  –
bladder cancer development

   The majority of invasive UCs are thought  ○
to originate through progression from 
dysplasia to  fl at carcinoma in situ (CIS) 
and high-grade noninvasive lesions  
  Super fi cial urothelial lesions are thought to  ○
originate from benign urothelium through 
a process of urothelial hyperplasia     

  10–15% of the entire pool of noninvasive  –
lesions ultimately progress to MI-UC 
disease  
  Genetic instability facilitates the accumu- –
lation    of genetic alterations required for 
progression to MI-UC     

  Clinically, a signi fi cant proportion of NMI-UC • 
(pTa and pT1) will recur following transurethral 
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resection (TURB) with only a minority of 
cases enduring progression to high-grade car-
cinoma that will ultimately progress to 
MI-UC  
  Three primary genetic alterations are associ-• 
ated with the pathogenesis pathway of 
NMI-UC: tyrosine kinase receptor FGFR3, 
HRAS, and PIK3CA

   RAS-MAPK and PI3K-AKT pathway  –
alterations are responsible for promoting 
cell growth in urothelial neoplasia  
  Activating mutations in   – RAS  leads to acti-
vation of mitogen-activated protein kinases 
(MAPK) and PI3K pathways  
  Activating mutations in upstream tyrosine  –
kinase receptor  FGFR3  seems to be mutu-
ally exclusive with  RAS  mutations given 
that both signal through a common down-
stream pathway in urothelial oncogenesis  
    – PIK3CA  and  FGFR3  mutations generally co-
occur, suggesting a potential synergistic addi-
tive oncogenic effect of  PIK3CA  mutations     

  The pathogenic pathway for MI-UC primarily • 
involves alterations in tumor suppressor genes 

(TSG) involved in cell cycle control including 
 TP53, p16,  and  RB  (see Figs.  11.1  and  11.2 )  

   Progression of the subset of NMI-UC into  –
higher-grade MI-UC disease is similarly 
based on alterations in  TP53  and  RB  TSG 
(Fig.  11.1 )        

   Prognostic Biomarkers in Bladder 
Cancer 

    Established clinicopathologic prognostic • 
parameters for NMI-UC

   pT stage   –
  WHO/ISUP grade   –
  Tumor size   –
  Tumor multifocality   –
  Presence of CIS   –
  Frequency and rate of prior recurrences      –

  Prognostic parameters to accurately predict pro-• 
gression in patients with NMI-UC tumors are 
actively sought to identify patients in need of 
vigilant surveillance and aggressive treatment

  Fig. 11.1    Divergent molecular pathways of oncogenesis in 
NMI and MI urothelial carcinoma of urinary bladder; genetic 
alterations are depicted in key stages of disease progression. 
 URCa  urothelial carcinoma of urinary bladder;  LG  

noninvasive low grade;  HG-URCa  noninvasive high grade. 
(From Netto GJ and Cheng L. Emerging critical role of 
molecular testing in diagnostic genitourinary pathology. 
Arch Pathol Lab Med. 2012;36:372–390; with permission.)       
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   The  fi nancial burden and quality of life for  –
patients under surveillance can be 
signi fi cant     

  Bladder cancer is the most expensive single • 
solid tumor in the United States

   Estimated annual cost to our healthcare  –
system, $3 billion (US)  
  Poor outcome of MI-UC disease (60% or  –
less overall survival rate)  
  Markers that can improve prognostication  –
are needed     

  The translational  fi eld of molecular prog-• 
nostication, theranostics, and targeted ther-
apy in bladder cancer has sharply gained 
momentum with our understanding of 
molecular pathways involved in urothelial 
oncogenesis  

  A rigorous validation process ought to precede • 
the incorporation of such molecular biomark-
ers in clinical management

   Initial retrospective discovery studies need  –
to be con fi rmed and validated in large inde-
pendent cohorts  
  The subsequent crucial step is validating  –
the robustness of the proposed biomarker 
in a well-controlled multi-institutional ran-
domized prospective study     

  Prospective study should support an additive • 
role for the inclusion of the new biomarker 
over existing management algorithm(s)

   The lack of the above crucial steps in bio- –
markers development has hindered the 
streamlining of clinical utilization of sev-
eral promising markers       

EGF

EGFR

Ras

p14 CDKN2 p16

MDM2 p53 p21

Cyclin D1

CDK4

E2F

E2F
Proliferation

CDK2

RbRb

Cyclin E
RASSF1A

Raf MEK ERK C-Myc

  Fig. 11.2    Receptor tyrosin kinase (EGFR/RAS/MEK/
ERK) and cell-cycle regulator (p14, p16, p53, p21, Cyclin 
D1, Cyclin E, and Rb) pathways in urothelial carcinoma; 
 green  and  red arrows  represent stimulation and inhibition, 

respectively. (From Netto GJ and Cheng L. Emerging 
critical role of molecular testing in diagnostic genitouri-
nary pathology. Arch Pathol Lab Med. 2012;36:372–390; 
with permission.)       
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   Chromosomal Numerical Alterations, 
Early Culprit of Genetic Instability in 
Bladder Cancer 

    Chromosome 9 alterations are the earliest • 
genetic alterations in both of the above-de-
scribed divergent pathways of bladder cancer 
development

   Responsible for providing the necessary  –
milieu of genetic instability that in turn 
allows for the accumulation of subsequent 
genetic defects     

  Several additional structural/numerical • 
somatic chromosomal alterations are also a 
common occurrence in bladder cancer

   Gains of chromosomes 3q, 7p, and 17q    and  –
deletion of 9p21 (p16 locus) are of special 
interest, given their potential diagnostic 
and prognostic value     

  A multitarget interphase FISH-based urine • 
cytogenetic assay was developed based on the 
above numerical chromosomal alterations and 
is now commercially available and commonly 
used in clinical management

   Initially FDA approved for surveillance of  –
recurrence in previously diagnosed bladder 
cancer patients and subsequently gained 
approval for screening in high-risk (smok-
ing exposure) patients with hematuria  
  Appears to enhance the sensitivity of routine  –
urine cytology analysis and can be used in 
combination with routine cytology as a re fl ex 
testing in cases with atypical cytology  
  Sensitivity range of 69–87% and speci fi city  –
range of 89–96% have been reported  
  More sensitive than routine cytology      –

  An additional advantage could be the anticipa-• 
tory positive category of patients identi fi ed, 
patients where FISH assay detects molecular 
alteration of bladder cancer in urine cells sev-
eral months prior to cancer detection by cys-
toscopy or routine cytology

   Two-thirds of patients categorized as  –
“anticipatory positive” develop bladder 
cancer  
  Potential early detection and allocation of  –
vigorous frequent followup cystoscopy in 
at-risk patients     

  Recent studies have pointed to the potential • 
prognostic role for multitarget FISH analysis 
(Fig.  11.3 ) 

   Low-risk FISH-positive patients, de fi ned  –
as 9p21 loss/Ch3 abnormalities, have a 
higher rate of recurrence compared to 
FISH-negative patients

   The recurrence rate is even greater in  ○
patients with a high-risk positive FISH 
(Ch7/Ch17 abnormality)     

  Using bladder washings and formalin- –
 fi xed, paraf fi n-embedded (FFPE) transure-
thral biopsy samples, loss of 9p21 predicts 
recurrence but not progression in NMI-UC  
  Urine cytology and FISH in post-Bacillus  –
Calmette Guérin (BCG) bladder washings 
predict failure to BCG therapy in patients 
with NMI disease     

  Such promising prognostic role for multitar-• 
get FISH awaits prospective randomized trial 
before clinical integration into practice algo-
rithm as well as clear guidelines for interpreta-
tion and test performance parameters in term 
of interobserver reproducibility     

   Receptor Tyrosine Kinase Alterations 

    Recent studies have pointed to the potential • 
prognostic value of evaluating the expression 
of receptor tyrosine kinases (RTK) such as 
FGFR3, EGFR, and other ERB family mem-
bers (HER2 and ERBB3) in NMI-UC and 
MI-UC diseases  
   • FGFR3  mutations commonly occur in 
NMI-UC; theoretically, they can be used alone 
or combined with  RAS  and  PIK3CA  onco-
genes as markers of early recurrence during 
surveillance

   Sensitive PCR assays have been developed  –
for detecting  FGFR3  mutations in voided 
urine

   Positive urine sample associated with  ○
concomitant or future recurrence in 81% 
of NMI-UC cases  
  A predictive value of 90% was achieved  ○
in patients with consecutive  FGFR3-
 positive urine samples  
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  Detection of   ○ FGFR3  mutations in 53% 
of patients  
  Superior to cytology (78% vs. 0%) in  ○
detecting post-TURB recurrence in 
NMI-UC harboring  FGFR3  mutations 
in primary tumors        

  A multiplex PCR assay has been developed for • 
mutational analysis detecting the most frequent 
mutation hot spots of  HRAS, KRAS, NRAS, 
FGFR3,  and  PIK3CA  in FFPE TURB samples

   Evidence of at least one mutation in up to  –
88% of low-grade NMI-UC samples was 
demonstrated  
  Revealed   – FGFR3  mutations to be more 
common among low malignant potential 
neoplasms (LMPN; 77%) and TaG1/TaG2 

tumors (61%/58%) than among TaG3 
(34%) and T1G3 tumors (17%)  
  Mutations were associated with increased  –
risk of recurrence in NMI-UC     

  A molecular grade parameter (mG) based on a • 
combination of  FGFR3  gene mutation status 
and MIB1 index as an alternative to pathologic 
grade in NMI-UC has been proposed  
  Van Rhijn et al. ( • Eur Urol , 2010) elegantly 
validated their previously proposed mG 
parameter and compared it to the European 
Organization for Research and Treatment of 
Cancer (EORTC) NMI-UC risk calculator 
(weighted score of six variables including 
WHO 1973 grade, stage, presence of CIS, 
multiplicity, size, and prior recurrence rate)

  Fig. 11.3    Detection of urothelial carcinoma by the 
UroVysion FISH analysis. Normal urothelial cells ( a ) 
showed two signals from each probe for CEP3 ( red ), CEP7 
( green ), CEP17 ( aqua ), and 9p21 ( gold ) ( b ). Malignant 
urothelial cells ( c ) demonstrated gaining of chromosomes 

as indicated by 7  red  (CEP3), 9  green  (CEP7), 4  aqua  
(CEP17), and loss of 9p21 as indicated by the absence of 
 yellow  signals (9p21) ( d ). (From Cheng L et al. Bladder 
cancer: Translating molecular genetic insights into clinical 
practice. Hum Pathol 2011;42:455–481; with permission.)          
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   mG was more reproducible than the patho- –
logic grade (89% vs. 41–74%)  
    – FGFR3  mutations signi fi cantly correlated 
with favorable disease parameters, whereas 
increased MIB1 was frequently seen with 
pT1, high grade, and high EORTC risk 
scores  
  EORTC risk score remained signi fi cant for  –
recurrence and progression  
  mG maintained independent signi fi cance  –
for progression and disease-speci fi c 
survival  
  The addition of mG for progression  –
increased the predictive accuracy from 
74.9% to 81.7%     

  Several studies have suggested a negative • 
prognostic role for HER2 ampli fi cation/over-
expression in MI-UC  
  HER2-positive MI-UC patients have twice the • 
increased risk for recurrence and cancer-
speci fi c mortality as seen on multivariable 
analyses adjusted for pathological stage, 
grade, lymphovascular invasion, lymph node 
metastasis, and adjuvant chemotherapy     

   p53, Cell Cycle Regulators, and 
Proliferation Activity Index 

    p53 alterations are a strong independent pre-• 
dictor of disease progression in bladder cancer 
(NMI-UC, MI-UC, as well as CIS)  
  p53 is predictive of increased sensitivity to • 
chemotherapeutic agents that lead to DNA 
damage

   Recent studies have further supported the  –
prognostic role of p53 in pT1–pT2 patients 
following cystectomy showing an indepen-
dent role for p53 alteration in predicting 
disease-free survival (DFS) and disease-
speci fi c survival (DSS)     

  Among other G1-S phase cell cycle regula-• 
tors, cyclin D3, cyclin D1, p16, p21, and p27 
have also been evaluated as prognosticators in 
NMI-UC

   Cyclin D3 and cyclin D1 overexpression  –
has been found to predict progression in 
pTa and pT1 tumors

   These  fi ndings are in contrast to  ○
subsequent  fi ndings, emphasizing the 
need for further validation in large 
multi-institutional cohorts of patients        

  A synergistic prognostic role for combining • 
p53 evaluation with other cell cycle control 
elements such as pRB, cyclin E1, p21, and 
p27 is emerging in both NMI-UC and MI-UC

   NMI-UC patients with TURB demon- –
strating synchronous immunohistochemi-
cal alterations in all four tested markers 
(p53, p21, pRB, and p27) are at 
signi fi cantly lower likelihood of sustain-
ing DFS compared to patients with only 
three markers  
  The negative predictive effect was decreased  –
with decreasing number of altered markers 
(3 vs. 2 vs. 1)  
  Combining p53, p27, and Ki67 assessment  –
in pT1 radical cystectomy specimens 
improved the prediction of DFS and DSS     

  A similar synergistic prognostic role for the • 
assessment of immunoexpression of multiple 
molecular markers (p53, pRB, and p21) has 
been demonstrated in patients undergoing cys-
tectomy for MI-UC

   The superiority of multimarker approach  –
compared to prior single-marker approach 
merits further assessment  
  Such multimarker approach of prognosti- –
cation could soon be integrated in the 
standard of care in bladder cancer 
management     

  Tumor proliferation index measured immuno-• 
histochemically by either Ki67 or MIB1 has 
been consistently shown to be a prognostica-
tor in bladder cancer

   Tumor proliferation index (MIB1) in  –
NMI-UC plays a prognostic role as one of 
the elements of the mG parameter  
  The independent prognostic role of prolif- –
eration index measured by Ki67 has also 
been shown  
  Ki67 index in NMI-UC TURB biopsy is  –
predictive of DFS and DSS     

  A similar role for proliferation index assess-• 
ment as prognosticator is established in 
MI-UC
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   Building on initial  fi ndings of signi fi cance  –
in an organ-con fi ned subset of MI-UC, a 
bladder consortium multi-institutional 
trial con fi rmed the role of proliferation 
index, measured in cystectomy 
specimens  
  Ki67 improved prediction of both DFS and  –
DSS when added to standard prediction 
models, supporting a role for proliferation 
index assessment in stratifying patients for 
perioperative systemic chemotherapy  
  Ki67 assessment is a step closer to clinical  –
applicability in MI-UC        

   Gene Expression and Genomic Analysis 
in Urothelial Carcinoma 

    Several recent gene expression studies have • 
highlighted sets of differentially expressed 
genes that may play a role in diagnosis and in 
predicting recurrence and progression in blad-
der cancer

   Oligonucleotide arrays were used to ana- –
lyze transcript pro fi les of NMI-UC and 
MI-UC

   Predictive algorithms were 89% accurate  ○
for tumor staging using genes 
differentially expressed in NMI vs. MI 
tumors  
  Accuracies of 82% (entire cohort) and  ○
90% (MI-UC) were obtained for 
predicting overall survival  
  A genetic pro fi le consisting of 174  ○
probes was able to identify patients with 
positive lymph nodes and poor survival     

  Two independent Global Test runs  –
con fi rmed the robust association of the sug-
gested pro fi le with lymph node metastases 
and overall survival simultaneously  
  One of the top-ranked genes coding for a  –
soluble protein, synuclein, was selected 
from the gene expression pro fi le to evalu-
ate association with its prognostic 
signi fi cance  
  Immunohistochemical analyses on tissue  –
arrays con fi rmed the signi fi cant association 
of synuclein with tumor staging and clini-

cal outcome independent of clinicopatho-
logic parameters     

  An attempt has been made to identify genes • 
predictive for recurrence and progression in 
Ta using a quantitative pathway-speci fi c 
approach in a set of 24 key genes by real-time 
PCR in tumor biopsies at initial presentation

   CCND3 expression was found to be highly  –
sensitive and speci fi c for recurrence (97% 
and 63%, respectively)  
  HRAS, E2F1, BIRC5/surviving, and  –
VEGFR2 were predictive for progression 
by univariate analysis  
  The combination of HRAS, VEGFR2, and  –
VEGF expression status predicted progres-
sion with an impressive 81% sensitivity 
and 94% speci fi city on multivariable 
analysis     

  Combined molecular and histopathologic • 
classi fi cation of bladder cancer may prove 
more powerful in predicting outcome and 
stratifying treatment

   A combined gene expression analysis,  –
whole-genome array-CGH analysis, and 
mutational analysis of  FGFR3, PIK3CA, 
KRAS, HRAS, NRAS, TP53, CDKN2A , and 
 TSC1  identi fi ed two intrinsic molecular 
signatures (MS1 and MS2)  
  Genomic instability was the most distin- –
guishing genomic feature of MS2 signa-
ture, independent of  TP53/MDM2  
alterations  
  Genetic signatures classi fi ed UCs into low- –
grade and high-grade tumors as well as 
NMI-UC and MI-UC with high precision 
and sensitivity  
  A gene expression signature that indepen- –
dently predicts metastasis and DSF was 
also de fi ned, supporting the role of molec-
ular grading as a complement to standard 
pathologic grading     

  Gene expression analysis by TaqMan Arrays • 
found a 12 + 2 gene expression signature dem-
onstrating 98% sensitivity and 99% speci fi city 
in discriminating between bladder cancer and 
control and 79% sensitivity and 92% speci fi city 
in predicting tumor aggressiveness (NMI-UC 
vs. MI-UC)  
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  Mutational screen of a set of six genes • 
( FGFR3, PIK3CA, TP53, HRAS, NRAS,  
and  KRAS ) and quantitatively assessed pro-
moter methylation status of 11 additional 
genes ( APC, ARF, DBC1, INK4A, RARB, 
RASSF1A, SFRP1, SFRP2, SFRP4, SFRP5,  
and  WIF1 ) in NMI-UC tumor biopsies and 
corresponding urine samples detected 
oncogenic mutations and hypermethylation 
events

   The total panel of markers provided a sen- –
sitivity of 93% and 70% in biopsies and 
urine samples, respectively  
    – FGFR3  mutations in combination with 
three methylation markers ( APC, RASSF1A,  
and  SFRP2 ) provided a sensitivity of 90% 
in tumors and 62% in urine with 100% 
speci fi city     

  Selecting patients for neoadjuvant chemother-• 
apy on the basis of risk of node-positive dis-
ease has the potential to bene fi t high-risk 
patients while sparing other patients toxic 
effects and delay to cystectomy

   Smith et al. (  – Lancet Oncol , 2011) recently 
reported a 20-gene expression model to 
predict the pathological node status in pri-
mary tumor tissue from three independent 
cohorts that clinically lacked evidence of 
nodal metastasis  
  The model was able to predict nodal status  –
independent of standard clinicopathologic 
prognostic criteria  
  The validation step in an independent  –
cohort is vital, given recent reports that 
gene expression tumor signatures are not 
portable across cohorts     

  With the impending cost and turnaround time • 
advantages of next-generation sequencing 
technology, the power of genomic approach in 
providing a noninvasive diagnostic and pre-
dictive tool should be actively pursued     

   Epigenetic Alterations 

    Epigenetic analysis is also gaining momentum • 
in bladder cancer as a noninvasive diagnostic 
tool for screening and surveillance

   As a prognostic tool, epigenetic analysis  –
has similarly shown promising potential in 
bladder cancer patients     

  Hypermethylation analysis at 11 CpG pro-• 
moter islands, performed by MSP-PCR

   Promoter methylation was found in 86% of  –
all tumors and the incidence was relatively 
higher in upper tract tumors compared to 
bladder cancer  
  Methylation was associated with advanced  –
tumor stage and higher tumor progression 
and mortality rates  
  Methylation at the   – RASSF1A  and  DAPK  
gene promoters was associated with 
disease progression independent of 
tumor stage and grade on multivariate 
analysis     

  Five loci associated with progression • 
(RASSF1a,  CDH1 [E-cadherin],  TNFSR25, 
EDNRB, and  APC ) were found using quantita-
tive methylation-speci fi c PCR (MSP) at 17 
candidate gene promoters

   Multivariate analysis revealed that the  –
overall degree of methylation was more 
signi fi cantly associated with subsequent 
progression and death than tumor stage  
  An epigenetic predictive model developed  –
using arti fi cial intelligence techniques 
identi fi ed likelihood and timing of progres-
sion with 97% speci fi city and 75% 
sensitivity     

  The diagnostic role of promoter hyperm-• 
ethylation was evaluated by Lin et al. ( Clin 
Genet , 2006) using MSP assay in four 
genes ( ECDH1, p16, p14,  and  RASSF1A ) in 
primary tumor DNA and urine sediment 
DNA

   MSP detected hypermethylation in the  –
urine of 80% of tested patients  
  Hypermethylation analysis   – of CDH1, p14,  
or  RASSF1A  in urine sediment DNA 
detected 85% of super fi cial and low-grade 
bladder cancer and 79% of high-grade and 
75% of invasive bladder cancers  
  The study highlighted the great potential of  –
such test in detecting NMI-UC     

  Methylation-speci fi c multiplex ligation-• 
dependent probe ampli fi cation assay 
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(MS-MLAP) analysis of 25 TSGs thought to 
play a role in bladder cancer oncogenesis

   The TSG included   – PTEN, CD44, WT1, 
GSTP1, BRCA2, RB1, TP53, BRCA1, 
TP73, RARB, VHL, ESR1, PAX5A, 
CDKN2A,  and  PAX6   
    – BRCA1, WT1,  and  RARB  were found to be 
the most frequently methylated TSGs with 
receiver operating characteristic curve 
analyses revealing signi fi cant diagnostic 
accuracies in two additional validation 
sets     

  Assessment of promoter hypermethylation is • 
giving additional insights on bladder cancer 
oncogenesis

   Promoter hypermethylation of CpG Islands  –
and “shores” controlling miRNA expres-
sion is one such example        

   Ploidy and Morphometric 
Analysis 

    Several studies have pointed to the indepen-• 
dent prognostic role of ploidy and S-phase 
analysis in NMI-UC

   Ploidy analysis can be performed by  fl ow  –
cytometry or automated image cytometry 
(ICM)  
  Applicable to urine cytology specimens as  –
well as biopsy supernatant and disaggre-
gated TURB FFPE specimens     

  Stage, DNA ploidy, tumor multiplicity, history • 
of recurrence, tumor con fi guration, and type 
of adjuvant therapy independently predict 
recurrence

   Recurrence at 3-months, grade, and DNA  –
ploidy were the only predictors of progres-
sion to muscle invasion     

  Ploidy status and S phase measured by ICM • 
are strong independent predictors of recur-
rence and progression in pTa and pT1 
patients  
  Despite all the above encouraging data, ploidy • 
analysis still awaits prospective randomized 
trials to bring ICM or  fl ow cytometry tech-
nique into current standard management algo-
rithms for NMI-UC     

   Additional Emerging Prognostic 
Biomarkers 

    There are other biomarkers with encouraging • 
but less robust data on their potential prognos-
tic role in bladder cancer

   Tumor microenvironment markers such as  –
cell adhesion markers such as  CDH1  and 
 CDH2 (N-cadherin)  and angiogenesis 
modulators such as HIF1a, HIF2, VEGF, 
CA-IX, and  THBS1   
  mTOR pathway markers   –
  Other markers such as AURKA have also  –
been investigated in this setting     

  miRNA pro fi le alterations will certainly be a • 
new area of heavy investigation as a noninva-
sive diagnostic tool and as a prognostic tool in 
bladder cancer patients     

   New Targets of Therapy and Predictive 
Biomarkers in Urothelial Carcinoma 

    RTK/HRAS/MAPK, mTOR, as well as angio-• 
genesis pathway of the tumor microenvironment 
offer promising opportunities for new targeted 
treatments of bladder cancer (Fig.  11.2 )  
  Among receptor tyrosin kinases, HER2 has been • 
targeted in a multicenter phase II trial reported 
in 2007 by Hussain et al. ( J Clin Oncol , 2007)

   Advanced bladder cancer patients with  –
metastatic disease and evidence of tumor 
HER2 positivity were treated with a com-
bination of carboplatin, paclitaxel, and 
gemcitabine with the humanized monoclo-
nal anti-HER2 antibody trastuzumab  
  Approximately 70% of treated patients  –
demonstrated partial (59%) or complete 
(11%) response with a median overall sur-
vival of 14.1 months  
  A higher response rate was associated in  –
patients with 3+ HER2 expression by 
immunohistochemistry (IHC) or  HER2  
gene ampli fi cation by FISH compared to 
those with 2+ HER2 expression and FISH-
negative tumors  
  Interestingly, in contrast to the strongly  –
correlated  HER2  gene ampli fi cation and 
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3+ IHC HER2 overexpression usually seen 
in breast cancer, the majority of HER2 
overexpression in bladder UC is not associ-
ated with  HER2  gene ampli fi cation     

  A second ongoing randomized phase II trial is • 
evaluating the role of anti-EGFR recombinant 
humanized murine monoclonal antibody 
Cetuximab

   Patients with metastatic, locally recurrent,  –
or nonresectable disease are treated with 
standard GC (gemcitabine and carboplatin) 
chemotherapy with or without Cetuximab  
  By blocking EGF binding to the extracel- –
lular EGFR domain, Cetuximab inhibits 
downstream signal transduction pathway 
accounting for its antiproliferative activity 
in solid tumors  
  In bladder cancer, a potential added syner- –
gistic antiangiogenic effect could be also at 
play  
  A separate phase II Cancer and Leukemia  –
Group B trial investigated the role of a 
small molecule inhibitor of EGFR 
(Ge fi tinb) in advanced bladder cancer 
patients  
  Ge fi tinib, in combination with GC, had no  –
survival or time to progression advantage 
over GC alone     

  A phase II single arm trial suggested a thera-• 
peutic advantage for Lapatinib (a tyrosine 
kinase inhibitor (TKI) targeting both EGFR 
and HER2) in EGFR-positive or HER2-
positive bladder cancer tumors

   A phase II/III randomized trial is looking at  –
the role of maintenance with Lapatinib (vs. 
placebo) in patients with objective response 
to  fi rst-line chemotherapy and positive for 
either marker by IHC or FISH studies     

  In an attempt to target bladder cancer depen-• 
dence on angiogenesis, monoclonal antibod-
ies and small molecule inhibitors of 
angiogenesis are under investigation in 
advanced disease

   An initial phase II trial evaluating the role  –
of Bevacizumab, a recombinant humanized 
monoclonal anti-VEGF antibody, in com-
bination with GC as a  fi rst-line therapy in 

metastatic bladder cancer, revealed objec-
tive response in two-thirds of patients with 
14% showing complete response, albeit 
with signi fi cant treatment-related toxicity  
  A CALBG phase III randomized trial for  –
GC with and without Bevacizumab for 
metastatic UC is underway as well as other 
phase II trials for Bevacizumab in combi-
nation with other chemotherapeutic agents 
such as M-VAC (methotrexate, vinblastine, 
adriamycin, and cisplatin)     

  The role of multitarget TKI in bladder cancer • 
has been investigated with mixed results

   Sorafenib (inhibits   – RAF  kinase , PDGFRB, 
VEGFR2,  and  VEGFR3 ) phase II trials 
have failed to show signi fi cant objective 
response  
  Sunitinib (inhibits   – VEGFR2  and  PDGFRB ) 
has shown a more promising effect in a 
recent phase II trial where clinical bene fi t 
was observed in almost one-third of 
patients  
  A subsequent randomized double-blind  –
phase II trial is underway, investigating the 
ef fi cacy of Sunitinib in delaying progres-
sion as a maintenance agent in patients 
with initial response to standard 
chemotherapy  
  Given the recent evidence suggesting the  –
presence of mTOR pathway alterations in 
bladder cancer, a phase II trial evaluating 
the potential role of Everolimus, an inhibi-
tor of mTOR pathway, in advanced bladder 
cancer is underway         

   Major Urothelial Carcinoma-Related 
Molecular Pathways 

    FGFR3  Pathway 

    Over 70% of low-grade noninvasive papil- –
lary urothelial neoplasms harbor  FGFR3  
mutations (Fig.  11.4 ),     strongly implying 
that  FGFR3  activating mutation is one of 
the key genetic events underlying the gen-
esis of low-grade urothelial tumors  
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    – FGFR3  is a member of four highly con-
served and structurally related tyrosine 
kinase receptor genes  
  Located at chromosome 4p16.3 and is  –
composed of 19 exons spanning 16.5 kb  
  Encodes an 806-amino acid protein belong- –
ing to the  fi broblast growth factor receptor 
family  
  The protein consists of an extracellular  –
region, composed of three immunoglobu-
lin-like domains, a single hydrophobic 
transmembrane segment, and a cytoplas-
mic tyrosine kinase domain  
  Extracellular portion interacts with  –
 fi broblast growth factors and initiates cas-
cades of downstream signals, ultimately 
in fl uencing cell growth, migration, differ-
entiation, and angiogenesis  
  Alternative splicing between exons 8 and 9  –
creates two different variants of the jux-
tamembrane Ig-like domain, isoforms 
 FGFR3 b and  FGFR3 c

   These alternative mRNA splicing forms  ○
are tissue speci fi c  
    ○ FGFR3 b is the expression form of 
epithelial cells  
    ○ FGFR3 c is predominantly expressed in 
mesenchymal cells        

  Signal transduction pathways for  • FGFR3  
receptors are shared by many RTK

   Mutations between the IgII and IgIII  –
domains (exon 7) are by far the most com-
mon, accounting for 50–80% of all 
mutations  
  Mutations affecting the transmembrane  –
domain (exon 10) account for 15–40%  
  Mutations affecting tyrosine kinase 2  –
domain (exon 15) account for 5–10%  
  Mutations located at exons 5 and 10 often  –
create a novel cysteine

   May be responsible for receptor  ○
dimerization and tyrosine kinase 
phosphorylation in the absence of ligand, 
resulting in constitutive activation        

   • FGFR3  activation triggers several downstream 
kinase pathways

   Most important is the   – RAS  cell cycle regu-
lation pathway

   Induces mitogenic signals   ○
  Plays a central role in the proliferation  ○
and renewal of epithelial cells     

    – FGFR3  and  RAS  mutations seem to be 
mutually exclusive

   Both may be alternative paths to a  ○
similar phenotype     

  Alternatively, activated   – FGFR3  activates 
the phosphatidylinositol 3-kinase ( PI3-K )

   Generates speci fi c inositol lipids for  ○
regulation of cell growth, proliferation, 
survival, differentiation, and cytoskeletal 
changes     

  Activated   – FGFR3  can also trigger the sig-
nal transducer and activator of transcription 
( STAT ) pathway

   Interacts with proline-rich tyrosine  ○
kinase 2 ( PYK2 ), leading to further  STAT  
pathway activation        

   • FGFR3  mutations were discovered in individ-
uals with thanatophoric dysplasia and 
hypochondroplasia

   These mutations seem to mediate opposing  –
signals

   Acting as a negative regulator of growth  ○
in bone and as transforming oncogene 
in several epithelial tumor types     

  Expression of a mutated, constitutively  –
activated  FGFR3  in bladder and cervical 
cancer has been reported  
  Experiments indicate that mutations of  –
 FGFR3  gene can transform NIH3T3 cells 
when targeted to the kinase domain  
  Knockdown of the S294C mutation of  –
 FGFR3 b in tumor cells inhibits cell prolif-
eration and clonogenicity     

   • FGFR3  appears to be the most frequently 
mutated oncogene in bladder cancer

   Such mutations in UC are frequently found  –
in exons 7, 10, and 15  
  Ranked by frequency,   – FGFR3  mutations 
are found on exon 7 codon 249 (63%), exon 
10 codon 375 (18%), exon 7 codon 248 
(9%), and exon 10 codon 372 (6%)  
  Mutation is strongly associated with low  –
recurrence rates in super fi cial papillary 
bladder cancers  
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  van Rhijn et al. analyzed bladder cancer  –
patients and found  FGFR3  mutation in 
64% of pTaG1–2 bladder cancers

   None of the patients with higher-stage • 
tumors had  FGFR3  mutations     

  A 12-month followup study on patients  –
with super fi cial bladder cancer revealed 
that 61% of the patients in the wild-type 
 FGFR3  group developed recurrence, com-
pared with only 20% of patients in the 
mutant group  
  The per year recurrence rate was 4.7-fold  –
lower for tumors with  FGFR3  mutation 
than for tumors with wild-type  FGFR3  
gene     

  It is postulated that mutation in  • FGFR3  results 
in activation of the RAS-MAPK pathway

   Such activation has not been proven in all  –
 FGFR3  mutated tumors  
  Most   – FGFR3  mutations are known to 
result in constitutive activation of the 
receptor  
  Evidence suggests that   – FGFR3  mutations 
give a growth advantage to affected cells, 
but that cell cycle regulation and apoptosis 
mechanisms remain intact  
  This may explain the differences between  –
indolent and aggressive urothelial cancers, 
the latter bearing  TP53  mutations that cause 
impaired apoptosis  
  The reported frequency of   – FGFR3  muta-
tion in pTa tumors is 70–80%

   There are several speci fi c missense  ○
mutations associated with these tumors     

  These mutations are signi fi cantly associ- –
ated with    low tumor grade, early stage, and 
low recurrence rate in tumors  
  Urothelial cancer bearing   – FGFR3  mutation 
confers a better overall prognosis than can-
cer bearing  TP53  mutation  
    – TP53  mutations appear to indicate a worse 
prognosis and higher recurrence rate  
    – FGFR3  mutation is detectable in only 
10–20% of invasive tumors

   Suggest strongly that   ○ FGFR3  activating 
mutation is one of the key genetic events 
in the genesis of low-grade noninvasive 
papillary bladder tumors     

  Activating   – FGFR3  mutations are found 
most frequently in G1 tumors (80%)  
  Low-grade tumors show a strong correla- –
tion with  FGFR3  expression (Figs.  11.4  
and  11.5 )         

    TP53  Pathway 

    Alterations of the  • TP53  TSG play a crucial 
role in the carcinogenesis of many tumors, 
including bladder urothelial cancers

   Located at the short arm of chromosome 17  –
(17p13.1), spans 19.2 kb, and is composed 
of 11 exons  
  Encodes a 393-amino acid protein (p53)  –
regulating the cell cycle, DNA repair, and 
apoptosis  
  The N-terminus of p53 contains several  –
functional domains

   The activation domain 1 (amino acids  ○
1–42) activates transcription of 
downstream factors  
  Activation domain 2 (amino acids  ○
43–63) regulates apoptotic activity  
  The proline-rich domain (amino acids  ○
80–94) is also important in apoptosis  
  The DNA-binding domain (amino acids  ○
100–300) activates downstream 
transactivation of other genes  
  The nuclear localization signaling  ○
domain (amino acids 316–325) and the 
homo-oligomerization domain (amino 
acids 307–355) are essential for the 
structure and homing of p53        

   • TP53  mutations in cancers are usually mis-
sense, loss-of-function mutations occurring in 
the DNA binding domain

   These impair the binding of p53 to its tar- –
get DNA, further affecting transcriptional 
activation of downstream genes  
  Mutant forms of p53 can also dimerize  –
with wild-type p53, blocking its function  
    – TP53  mutations induce a series of down-
stream effects, including decreased expres-
sion of p21  
  An important downstream target of p53 –

   Downregulated in the majority of  ○
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urothelial carcinomas with  TP53  
mutations (Fig.  11.4 )        

  Numerous studies have indicated that  • TP53  
mutations are strongly associated with high 
tumor grade, invasive behavior, risk of recur-
rence, and adverse clinical outcome

     – TP53  mutations are generally mutually 
exclusive of  FGFR3  mutations

   The rate of   ○ TP53  mutation is twofold 
higher in high-grade urothelial cancers 
than in low-grade tumors     

  When assessing high-grade NMI tumors,  –
 FGFR3  and  TP53  mutations are not mutu-
ally exclusive

   Suggest that doubly mutant T1G3  ○
tumors are either at the crossroads of the 

two main molecular pathways or  
  Represent progression from low-grade  ○
papillary tumors to high-grade tumors 
by acquisition of  TP53  mutations            

   Molecular Markers, Early Detection 
of Urothelial Carcinoma 

    Urine cytology is currently the most widely • 
used method for bladder cancer screening

   Diagnostic cytologic criteria are largely  –
based upon cell morphology

   Accuracy is hampered by the element of  ○
subjectivity     

  Cytology is highly effective in detecting  –
high-grade cancers

  Fig. 11.4     FGFR3  and  TP53  
mutations according to tumor grade 
( a ) and pathology stage ( b ) based on 
available literature. (From Cheng L 
et al. Bladder cancer: Translating 
molecular genetic insights into 
clinical practice. Hum Pathol 
2011;42:455–481; with permission.)          
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   Sensitivity and speci fi city in detecting  ○
low-grade UC are poorer     

  Accumulated knowledge in the molecular  –
processes involved in carcinogenesis has 
resulted in the development of many new 
markers for diagnosis, surveillance, and 
prognostication of UCs  
  UroVysion™, BTA-Stat™/BTA-TRAK™,  –
NMP22, and ImmunoCyt/uCyt™ are cur-
rently available testing methods

   Relatively widely used   ○
  Possessing either Food and Drug  ○
Administration (FDA) clearance or 
approval     

  Many others are under investigation and  –
have shown promise     

  UroVysion is a multicolor, multitargeted FISH • 
assay

   Uses chromosome enumeration probes for  –
chromosomes 3, 7, and 17, and a locus-
speci fi c indicator probe for 9p21  
  Polysomy of one or more of these three  –
chromosomes or deletion of the 9p21 locus 
was chosen for their ability to detect com-
mon abnormalities in urothelial neoplasia 
(Fig.  11.3 )  
  May be helpful for followup of known  –
bladder cancer, further evaluation of suspi-
cious urine cytology  fi ndings, post-BCG 
followup, or as a general adjunct to urinary 
cytology  
  Overall sensitivity varies between 69% and  –
87%, but signi fi cantly lowers for low-grade 
and low-stage tumors  
  May be potentially useful as a grading tool   –
  UroVysion patterns may predict the risk of  –
recurrence and DFS of such patients  
  UroVysion is particularly attractive because  –
it is an objective rather than a subjective 
assessment of urothelial cell abnormalities  
  Diagnosis of urothelial CIS may be espe- –
cially challenging, as lesions are not always 
cystoscopically identi fi able

   More extensive investigation of CIS  ○
may reveal clinical circumstances for 
which this method is particularly useful  
  This technique is being proposed as an  ○
aid for resolution of histologically 

challenging biopsies as well as cytologic 
samples        

  BTA-Stat (bladder tumor antigen) is a point-• 
of-care (qualitative) immunoassay using two 
monoclonal antibodies to detect human com-
plement factor H-related protein in the urine

   Factor H, a soluble glycoprotein regulator  –
of complement activation, appears to have 
an immuno-protective effect for tumor cells 
and is frequently released into urine by 
urothelial neoplasms  
  The counterpart to BTA-Stat is BTA- –
TRAK, a quantitative standard ELISA 
assay  
  Both tests improve in sensitivity for detec- –
tion of high-grade lesions  
  Sensitivity results have varied in different  –
studies

   Sensitivity of the test improved with  ○
grade from 50% (grade 1) to 72% (grade 
2) and 91% (grade 3)     

  As a screening modality, BTA-Stat is asso- –
ciated with false-positive results that are 
usually caused by in fl ammatory conditions 
in the urinary tract     

  NMP22 is a nuclear matrix protein usually • 
present in very low quantities in the urine of a 
normal individual, but with greatly elevated 
levels in the urine of patients with bladder 
cancer

   NMP22 is a quantitative sandwich ELISA  –
test using two antibodies recognizing two 
epitopes  
  The sensitivity and speci fi city of NMP22  –
are 55.7% and 85%, respectively, compared 
to 15.8% and 99.2% for cytology  
  A nomogram has been developed to better  –
predict the probability of urothelial cancer 
recurrence and progression, using the 
NMP22 test

   Reliability is uncertain due to the  ○
reported variability in the diagnostic 
performance of the test between different 
institutions        

  ImmunoCyt test relies upon the visualization • 
of tumor-associated antigens in urothelial car-
cinoma cells using a panel of  fl uorescent-
labeled monoclonal antibodies including two 
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mucin-like proteins and carcinoembryonic 
antigen

   ImmunoCyt showed a speci fi city of 79.3%  –
for grade 1, 84.1% for grade 2, and 92.1% 
for grade 3 tumors  
  The combination of cystoscopy and  –
ImmunoCyt testing provided 100% sensi-
tivity in UC detection

   Combining cystoscopy and cytology  ○
marginally improved upon the sensitivity 
of cystoscopy alone     

  The major advantage of ImmunoCyt over  –
other tests is its sensitivity in detecting both 
low-grade and high-grade tumors     

  Other markers are also being evaluated for • 
their utility in detecting cancer cells in urine 
sediment, including epigenetic markers, 
telomerase, and survivin  
  Microsatellite analysis of urine samples has • 
been used for the surveillance of patients after 
treatment for UC

   Data suggest that microsatellite alteration  –
is a strong predictor for tumor recurrences     

  Single-nucleotide polymorphism (SNP) anal-• 
ysis has shown that 100% of urine DNA sam-
ples from patients with bladder tumors had 24 
or more SNP DNA alterations

   This suggests that the HuSNP chip is a valu- –
able tool for the detection of bladder cancer     

  Efforts to develop DNA methylation markers • 
in urine sediments for detection of bladder 
cancer are also underway  
  Studies of the methylation status of Wnt-• 
antagonist genes have shown signi fi cantly 
higher methylation levels of Wnt antagonists 
in bladder tumors than in normal bladder 
mucosa

   The overall sensitivity was 77.2% and  –
speci fi city was 66.7%       

   Molecular Predictors and Tumor 
Recurrence 

    The incidence of tumor recurrence in bladder • 
cancer patients ranges from 50% to 90%, and 
25% of cancers that recur ultimately progress 
to invasive cancers

   Close to 50% of UC patients with lymph  –
node-negative invasive cancers suffer 
recurrence after radical surgery and die 
within 5 years of radical cystectomy  
  Current data suggest that UC recurrence may  –
arise from cancer stem cells remaining in an 
affected  fi eld after gross tumor ablation  
  Most current therapies eliminate differenti- –
ated cells, which are more sensitive to ther-
apy than cancer stem cells  
  Clonal expansion of fugitive cancer stem  –
cells results in the establishment of recur-
rent neoplasms wherever the surviving 
cells  fi nd a favorable niche     

  Clinical and pathological parameters are • 
widely used to predict clinical outcome

   These parameters have limited utility for pre- –
dicting tumor recurrence in individual patients  
  Reliable parameters for individual tumor  –
recurrence risk would be valuable when 
advising patients regarding surveillance 
measures and aggressiveness of therapy        

    FGFR3  Mutation and Low Risk 
of Recurrence 

    Bladder carcinomas likely arise through at • 
least two separate mechanisms

     – FGFR3  mutation is strongly associated 
with low recurrence rates in super fi cial 
papillary bladder cancers  
    – FGFR3  mutations correlate with recur-
rence, progression, and cancer-associated 
mortality in NMI bladder tumors  
    – FGFR3  exon 7 and 10 mutations were ana-
lyzed by direct sequencing  
    – FGFR3  mutations are more common 
among LMPN and TaG1/TaG2 tumors than 
among TaG3 tumors and T1G3 tumors  
  In noninvasive tumors, mutations are para- –
doxically associated with increased risk of 
recurrence  
    – FGFR3  mutations characterize a subgroup 
of bladder cancers with good prognosis, 
but that patients with mutant TaG1 tumors 
may have a higher risk of recurrence 
(Fig.  11.6 )         
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    TP53  Mutation and High Risk of 
Recurrence 

    Numerous studies have indicated that  • TP53  
mutations are strongly associated with high 
tumor grade, invasive behavior, risk of recur-
rence, and adverse clinical outcome

     – TP53  mutations are typically mutually 
exclusive of  FGFR3  mutations  
  Studies of primary and recurrent urothelial  –
cancers for  TP53  mutation at exons 5–8 
found that  TP53  mutations occur predomi-
nantly in highly malignant, invasive tumors  
  High-grade primary tumors and their  –
metachronous recurrences usually harbor 
the same  TP53  mutation, indicating a com-
mon clonal origin     

   • TP53  genetic status evaluation found that the 
overall tumor recurrence rate was 76.0% in 
noninvasive UC cases

   Progression-free survival is signi fi cantly  –
shorter in patients with  TP53  mutations  
  Frequency of tumor progression was  –
signi fi cantly higher in mutated tumors as 
compared to wild-type tumors  
    – TP53  mutation predicts patients at higher 
risk of tumor recurrence and progression 
(Figs.  11.4  and  11.6 )        

   Ki67 

    Ki67 is an established marker of cell prolifera-• 
tion that is present during the G1, S, G2, and 
M stages of the cell cycle, commonly detected 
using the MIB1 antibody

   Investigators have reported a prognostic  –
role for Ki67 index in advanced urothelial 
carcinoma of the urinary bladder  
  Ki67 positivity is statistically signi fi cantly  –
associated with an increased probability of 
disease recurrence        

   Gene Expression Signature and Bladder 
Cancer Recurrence Predication 

    It has been suggested that the origin and pro-• 
gression of bladder carcinoma result from 

accumulation of speci fi c genetic or epigenetic 
alterations, often termed genetic signatures

   Studies in bladder cancer have established  –
links between speci fi c expression patterns 
and clinical outcome  
  Gene expression pro fi les may prove help- –
ful in selecting genes associated with inva-
sion, progression, and tumor recurrence     

  DNA microarray expression pro fi ling may • 
also identify genes underlying the clinical and 
pathological heterogeneity of bladder cancer

   Gene expression pro fi ling of human blad- –
der cancers provides insights into the 
mechanisms underlying cancer progression 
and helps to categorize patients into dis-
tinct clinical subgroups        

   Biomarkers and Nomograms, Combined 

    Strati fi cation of risk is a key component of • 
decision-making in clinical practice

   A variety of factors in fl uencing selection of  –
treatment for a given patient  
  TNM staging system continues to be the  –
standard determinant of UC after radical 
cystectomy

   Heterogeneity of tumor biology and patient  ○
characteristics within each prognostic 
group results in signi fi cant variation of 
outcome within each staging category  
  Incorporation of molecular variables  ○
with the TNM classi fi cation might 
improve the risk prediction        

  A nomogram is a graphical representation of a • 
mathematical formula or algorithm that incor-
porates several predictors, modeled as continu-
ous variables, to predict a particular endpoint

   Provides more accurate predictions than  –
models based on risk grouping  
  Generally surpasses clinical experts at pre- –
dicting outcomes     

  Molecular markers provide a promising • 
approach for improving the predictive accu-
racy of current prognostic indices

   Risk prediction may be more precise when  –
several predictive variables are considered 
simultaneously  
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  Multivariate nomograms, which facilitate  –
the probability of event predictions at 
speci fi c points after cystectomy, may pro-
vide incremental predictive accuracy  
  Calculation of the probability of the risk  –
of UC recurrence, progression, or metas-
tasis utilizes the knowledge of clinical, 
pathological characteristics, and the 
molecular alterations identi fi ed in the 
patient’s tumor  
  Several postcystectomy nomograms have  –
been developed

   Assist in predicting the natural  ○
outcome of surgically treated bladder 
cancers  
  Assist in deciding upon the use of  ○
adjuvant therapy after radical 
cystectomy        

  Adding a panel of  fi ve cell cycle regulators • 
including p53, pRB, p21, p27, and cyclin 
E1 improved the predictive accuracy of 
competing-risk nomograms for predicting 
recurrence and survival after radical cys-
tectomy in patients with pTa-pT3 node-
negative UCs

   The alteration of cell-cycle regulators were  –
detectable in 82% of patients, and 20% of 
patients had three and 16% four or  fi ve 
altered biomarkers  
  Patients with three or more altered bio- –
markers had a four to ten times higher risk 
of bladder cancer recurrence and mortality 
after radical cystectomy     

  Nomograms have been developed that accu-• 
rately predicted disease recurrence and pro-
gression in patients with Ta, T1, or CIS UC

   Nomograms incorporating traditional stag- –
ing and predictive information with molec-
ular features may be used to ultimately 
counsel patients regarding recurrence risks 
and aid in treatment selection     

  When compared Neuro-fuzzy modeling, • 
arti fi cial neural networks, and traditional sta-
tistical methods, for the behavior of bladder 
cancer, both arti fi cial intelligence methods 
predicted relapse with an accuracy ranging 
from 88% to 95%, superior to regular statistical 
methods      

   Molecular Staging 

    Tumor staging is critical in predicting the dis-• 
ease course of an affected individual

   American Joint Committee on Cancer TNM  –
staging system is the most common tool to 
predict outcomes of bladder cancer patients

   Offers general outcome estimates based  ○
on classic pathologic criteria  
  Predictive accuracy of TNM staging  ○
alone is limited     

  Nomograms combining molecular markers  –
and classic pathologic criteria have been 
developed to improve prediction of clinical 
outcomes after cystectomy     

   • FGFR3  and  TP53  mutations are frequently 
found in super fi cial papillary and invasive dis-
ease, respectively

     – FGFR3  mutations are associated with low-
stage tumors, whereas  TP53  mutations are 
associated with high-stage tumors  
    – FGFR3 mut/ TP53 wt is the most prevalent 
genotype in pTa tumors

     ○ FGFR3 wt/ TP53 wt is the second most 
prevalent     

    – FGFR3 wt/ TP53 wt is the most frequent geno-
type in pT1 tumors, followed by  FGFR3 mut/
 TP53 wt and  FGFR3 wt/ TP53 mut  
    – FGFR3 wt/ TP53 wt genotype accounted for 
53% of cases of pT2–pT4 tumors

     ○ FGFR3 3wt/ TP53 mut was observed in 
42% tumors     

  There is signi fi cant overlap with the TNM  –
stages, and molecular staging subcatego-
rized patients more accurately  
  Molecular staging re fl ects tumor behavior  –
more closely and may be more useful than 
traditional staging methods     

  Chromosomal instability could potentially be • 
used as a staging parameter

   Identi fi cation of genomic instability inde- –
pendently enhances the accuracy of molec-
ular staging of UC     

  Expression microarray analysis of divergent • 
sets of bladder tumors could further classify 
tumors into more homogeneous and clinically 
relevant subgroups
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   Unsupervised hierarchical clustering suc- –
cessfully classi fi ed the samples into two 
subgroups containing super fi cial (pTa and 
pT1) vs. MI (pT2–pT4) tumors  
  Supervised classi fi cation had a 90.5% suc- –
cess rate, separating super fi cial from MI 
tumors based on expression of a gene panel  
  Tumors could also be classi fi ed into transi- –
tional vs. squamous subtypes (89% success 
rate) and good vs. bad prognosis (78% suc-
cess rate)     

  Polysomy 17 is related to the stage of UC• 
   microRNAs (miRNAs) are thought to play  –
roles in cancer development, differentia-
tion, and progression  
  Speci fi c groups of miRNAs are differen- –
tially expressed in various cancers and may 
in fl uence tumor phenotype and behavior  
  The speci fi c role of miRNAs in the meta- –
static process is largely unknown     

  Expression and genome pro fi ling of bladder • 
cancers allow reasonably good correlations 
between molecular  fi ndings and pathologic 
stage

   Stage pTa UCs are characterized by genetic  –
stability, since they commonly lack  TP53  
mutations  
  Chromosomal changes are predominantly  –
limited to chromosome 9, whereas the 
majority of pT1 UCs show increased 
genetic instability with chromosomal 
changes in 17p, 13q, and 8p       

   Molecular Detection, Lymph Node 
Metastasis 

    Approximately 25% of patients undergoing • 
radical cystectomy with pelvic lymph node 
dissection are found to have lymph node 
metastases

   Lymph node metastasis is predictive of  –
poor clinical outcome  
  Molecular markers enable the detection of  –
micrometastatic disease with high sensitiv-
ity and speci fi city, and potentially guide 
therapeutic decision-making  

  When molecular  fi ndings are taken into  –
consideration, 25% of microscopically 
negative lymph nodes appear to harbor 
metastases        

   Molecular Detection, Circulating 
Cancer Cells 

    Circulating tumor cells (CTC)• 
   Originate from the primary tumor   –
  Migrate to distant body sites through the  –
blood stream  
  At times, establish new colonies at these  –
sites, forming detectable metastases     

  Presence of CTCs in whole blood before and • 
during radical cystectomy is a parameter for 
determining the need for adjuvant or even 
perioperative chemotherapy

   Results and conclusions gained from studies  –
have been contradictory and inconclusive  
  It is notable that mobilization of tumor cells  –
from the primary site is necessary but not 
suf fi cient to produce distant metastases     

  Attempts at molecular detection of CTCs in • 
the blood have been hampered by a paucity of 
molecules speci fi c to urothelial cancer

   Immunodetection, a technique that relies  –
upon the use of antibodies speci fi cally cho-
sen to attach to bladder cancer cells, such 
as certain cytokeratins, uroplakin, or 
MUC7  
  Such detection methods may lack suf fi cient  –
sensitivity and speci fi city for bladder can-
cer tumor cells     

  CTC numbers may be useful indicators of the • 
risk of metastasis

   Detection of CTCs correlates with an  –
increased risk of metastasis     

  Use of PCR-based technologies to detect • 
CTCs in the blood is a  fi eld of intense 
investigation

   Several bladder cancer cell markers such as  –
UPII, CK20, EGFR, and MUC7 have been 
analyzed for use as candidate detection 
molecules  
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  The sensitivity of these techniques is well  –
documented, but their speci fi city for 
diagnostic purposes remains debatable  
  Peripheral blood of patients was studied by  –
nested RT-PCR assay for uroplakin (UP) 
Ia, Ib, II, and III and EGFR  
  The combination of UPIa/UPII detected  –
75% of the CTCs, with a speci fi city of 
50%  
  In one study, MUC7 positivity was detected  –
in all bladder cancer cell lines, in 38% 
peripheral blood samples from patients 
with Ta or T1 bladder cancer, and in 78% 
of patients with advanced-stage bladder 
cancer ( ³ T2)  
  These  fi ndings suggest the potential utility  –
of these novel approaches         

   Molecular Grading 

    The morphological heterogeneity of UC is • 
in fl uenced by molecular events involved in 
carcinogenesis

   The morphological criteria used for UC  –
grading have been continuously updated  
  Current bladder cancer classi fi cation of  –
urothelial neoplasms is based on an attempt 
to reconcile molecular genetic and patho-
logic  fi ndings  
  Most of the WHO 2004 categories have  –
been successfully validated by expression 
and genome pro fi ling and by identi fi cation 
of distinctive genetic alterations     

  Mutations in the  • FGFR3  and  TP53  genes 
de fi ne two independent and distinct pathways 
in super fi cial papillary and invasive/ fl at UCs 
(Figs.  11.4 ,  11.5 , and  11.6 )

   Tumors characterized by these two path- –
ways present as heterogeneous groups with 
distinct phenotypes and genotypes, and 
with markedly different biological behav-
iors and clinical outcomes  
    – FGFR3  mutations are usually present in 
low-grade papillary carcinomas with lim-
ited genetic instability, whereas high-
grade UCs are characterized by  TP53  
mutation  

    – TP53  mutations have been found to be 
almost always mutually exclusive of 
 FGFR3  mutations

   A fact that could potentially be exploited  ○
as a tool for the molecular grading of 
UC (Fig.  11.6 )        

  Data suggest that pathologic grading alone • 
may not accurately predict tumor behavior  
  Molecular grading may potentially discrimi-• 
nate high-risk cases from low-risk cases in 
patients with similar pathological grades

   Combining morphological and molecular  –
grading markers may allow better risk 
strati fi cation for patients with UC  
  In one study of   – FGFR3  mutation status and 
three molecular markers (MIB1 or Ki67, 
p53, and P27kip1), three molecular grades 
(mG) could be identi fi ed

   mG1 has   ○ FGFR3  mutation/normal 
MIB1 expression and portends a 
favorable prognosis  
  mG2 has either mutated   ○ FGFR3  or 
elevated MIB1 and is associated with an 
outcome intermediate between mG1 
and mG3 tumors  
  mG3 tumors with wild-type   ○ FGFR3  and 
high expression of MIB1 were associated 
with a poor clinical outcome     

  The molecular variables are more repro- –
ducible than the pathologic grade  
  Molecular grading provides a new, simple,  –
and highly reproducible tool for clinical 
decision-making in UC patients     

  Differential gene expression pro fi les can also • 
be used to stratify tumor grade

   Microarray data show clear distinctions  –
between low- vs. high-grade tumors in 
bladder washing samples of patients with 
low-grade and high-grade UCs     

  Recent investigations suggest a regulatory role • 
for miRNA in urothelial cancer

   miRNA alterations occur in a tumor  –
phenotype-speci fi c manner  
  High-grade UC tumors are characterized  –
by miRNA upregulation, including mRNA-
21, which suppresses p53 function  
  Low-grade UCs are characterized by down- –
regulation of miRNAs-99a/100, leading to 
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  Fig. 11.5    Molecular grading of urothelial carcinomas. 
The grading of urothelial carcinomas encompasses a con-
tinuous spectrum, both molecularly and morphologically. 
Histological grading according to the severity of atypia is 
shown on the  horizontal bar  with progression from  green  
to  red ; molecular grading re fl ects the severity of molecu-
lar alterations, and is shown in the  vertical bar , gradient 
from  blue  to  red . The  blue curve  represents the probability 

of signi fi cant molecular alterations in tumors exhibiting 
morphologic features commensurate with their degree of 
architectural and cytologic atypia (grade) at each point 
along the grading spectrum. The  blue curve , as it proceeds 
from  green  to  red  zones, may more precisely de fi ne tumor 
behavior. (From Cheng L et al. Bladder cancer: Translating 
molecular genetic insights into clinical practice. Hum 
Pathol 2011;42:455–481; with permission.)       

upregulation of  FGFR3  even before its 
mutation     

  A retrospective study was performed to evalu-• 
ate differences in chromosomal aberrations in 
recurrent UC

   The number of chromosomal aberrations  –
differed signi fi cantly between tumor 
grades, regardless of whether grading was 
done using WHO 1973 or WHO 2004 
grading parameters  

  The most frequent gains of chromo- –
somal material were found on 19p, 7q, 
16, 19q, 89, 12q, and 20, and the most 
frequent losses of chromosomal mate-
rial were detected on 9, 13q, 5q, 8p, 11p, 
and 18q  
  Chromosomal aberrations correlated well  –
with both grading systems  
  High-grade tumors showed aberrations  –
usually associated with higher-grade 

 



  Fig. 11.6    Proposed pathways of urothelial carcinogenesis, 
progression, and metastasis. ( a ) It is proposed that urothe-
lial carcinoma (UC) originates from cancer stem cells in the 
affected  fi eld or that tumor cells are distributed in the 
urothelium through a migration-seeding mechanism. 
Cancer stem cells acquire genetic alterations leading to 
tumor initiation by clonal expansion. Cancer stem cells are 
the source of tumor recurrences as well as synchronous or 
metachronous multifocal tumors. Two distinct pathways 
are involved in the initial tumorigenesis in cancer stem 
cells. Papillary neoplasms are thought to develop through 
intermediate steps of hyperplasia or dysplasia, whereas 
high-grade  fl at lesions are believed to evolve through dys-
plasia/CIS. Papillary tumors account about 80% of all UCs. 

They are characterized by activating mutations of  FGFR3  
and wild-type  TP53 , and in general they are genetically 
stable. However, these tumors may possibly gain further 
genetic alterations leading to progression and metastasis 
( dashed line ). High-grade  fl at lesions account about 20% of 
UCs and are characterized by loss-of-function mutations of 
 TP53  and intrinsic genetic instability. These two pathways 
provide a genetic framework for understanding urothelial 
cancers and their clinical behavior. ( b ) The spectrum of 
morphologic changes found in urothelial neoplasms largely 
re fl ects the molecular alterations these tumors have under-
gone during their genesis. (From Cheng L et al. Bladder 
cancer: Translating molecular genetic insights into clinical 
practice. Hum Pathol 2011;42:455–481; with permission.)       
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chromosomal alteration panels (1p+, 
16p+, −2, and −5q) and poor clinical 
outcome  
  Polysomy of chromosome 17 by FISH  –
was not seen in G1 tumors, but was seen 
in G2 tumors (28%) and G3 tumors 
(100%)     

  Distinct molecular pathways of development • 
for super fi cial papillary UC and those of  fl at 
invasive UC are well established

   Molecular markers ef fi ciently distinguish  –
low-grade bladder tumors from high-grade 
tumors  
  Low-grade (G1–2) tumors possess few  –
molecular alterations apart from deletions 
involving chromosome 9 and activating 
mutations of the  FGFR3   

  Loss of 11p and inactivation of   – TP53  are 
more commonly seen in tumors of higher 
grade        

   Conclusions 

    Current approaches to the diagnosis and man-• 
agement of bladder cancer will continue to 
evolve based on our sharper understanding of 
the complex molecular mechanisms involved 
in bladder cancer development  
  The current paradigm of clinicopathology-• 
based prognostic approach to predict progres-
sion in NMI-UC will soon be supplemented 
by a molecular guided approach based on 
some of the markers listed in Table  11.1    

   Table 11.1    Established    clinicopathologic and potential molecular prognostic parameters in NMI and MI 
urothelial carcinoma of bladder   

Clinicopathologic Prognostic Parameters

 Nonmuscle invasive urothelial carcinoma  Muscle invasive urothelial carcinoma 
 WHO/ISUP grade  pTNM 
 pT stage  LVI 
 Presence of associated CIS/dysplasia  Resistance to neoadjuvant chemotherapy 
 Disease duration 
 Time to and frequency of recurrences   Divergent histology  
 Multifocality  Micropapillary 
 Tumor size (>3 cm)  Osteoclast rich 
 Failure of prior BCG Rx  Undifferentiated/giant cell 
 Presence of LVI  Plasmacytoid 
 Depth of lamina propria invasion 

 Emerging molecular prognostic markers 
 Nonmuscle invasive urothelial carcinoma  Muscle invasive urothelial carcinoma 
 Proliferation index (Ki67, MIB1, S phase)  p53 inactivation/accumulation 
 FGFR3 mutation/overexpression (protective)  Alterations of Rb expression 
 mG (FGFR#/MIB1)  Loss of p21 expression 
 p53 inactivation/accumulation  Alteration of p16 expression 
 DNA ploidy status  Loss of E-cadherin 
 Multitarget FISH 
 HRAS   RTK  
 ERBB3, ERBB4 overexpression (protective)  EGFR overexpression 
 Loss of E-cadherin  HER2 overexpression/ampli fi cation 

  Cell cycle control    Angiogenesis markers  
 Downregulation of Rb expression  VEGF overexpression 
 Downregulation of p21 expression  HIF 1A overexpression 

(continued)
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Table 11.1 (continued)

  Several new targeted therapy agents are under • 
investigation in randomized clinical trials in 
combination with standard chemotherapy 
agents either as  fi rst-line treatment or on a 
maintenance base to prolong response in 
patients with advanced bladder cancer         
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   Introduction to Normal Testis 

 The testis is a complex organ with multiple 
 functions, including generation of [mature] germ 
cells (spermatogenesis) and hormone production 
(i.e., testosterone). The  fi rst is dependent on the 
second, although visa versa is not the case. In other 
words, testis might be completely functional 
regarding formation of hormones, in spite of a 
complete lack of germ cell formation and produc-
tion, resulting in infertility. To allow these pro-
cesses to occur at the proper time and place, 
various cell types and structures are required. Most 
of them are initiated during early embryogenesis, 

while they further develop at different time points, 
even up to adult life. The most obvious structures 
within the testis are the seminiferous tubules and 
the interstitial space. These compartments contain 
speci fi c types of cells, dependent on age in various 
stages of maturation.

   Testicular functions, i.e., germ cell formation • 
and hormone production, are regulated by a 
highly sophisticated network of speci fi c cell 
types in distinct compartments (see Fig.  12.1a ). 
In the interstitial compartment, i.e., the stromal 
space in between the seminiferous tubules, 
different cell types and (microscopic) struc-
tures are present, from which only the Leydig 
cells are testis speci fi c. The Leydig cells pro-
duce androgens (testosterone) when stimu-
lated by luteinizing hormone (LH) produced 
by the pituitary gland (see Fig.  12.1b ). In 
 addition, INSL3 is formed, required for the 
 fi rst phase of testicular descent. Other cells 
and microscopic structures of the interstitial 
 compartment include vascular structures, 
 fi broblasts, macrophages, and lymphocytes   
  The intratubular compartment is separated • 
from the interstitial space by a highly orga-
nized barrier composed of both cells (e.g., 
peritubular cells) and extracellular matrix 
components (basal lamina). Within the semi-
niferous tubule in principle two types of cells 
are present under physiological conditions. 
These are the Sertoli cells and the germ cells 
(see Fig.  12.1c, d ). The Sertoli cells are nurs-
ing the germ cells, from the initial embryonic 
phase to the mature spermatozoa. In the adult 
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(postpubertal) testis, the germ cells present, 
i.e., spermatogonia, undergo a process of both 
mitosis and meiosis, including de fi ned steps 
of further maturation. The spermatogonia are 
situated at the inner side of the basal lamina, 
under the tight junctions formed by the Sertoli 
cells. The developmental stages that follow 
are spermatocytes (undergoing meiosis) and 
spermatids, and  fi nally spermatozoa. This pro-
cess of mitosis and meiosis, followed by sper-
miogenesis, is highly dependent on production 
of androgens. Because of the epidemiological 
characteristics, this chapter will focus on germ 
cell tumors (GCTs), although at the end some 
characteristics of sex cord–stromal tumors 
will be mentioned  
  The majority of GCTs do not arise from adult • 
germ cells, as found after puberty, but from 
early (embryonic) germ cells blocked in their 

normal maturation during fetal development 
(see Fig.  12.2 ). The only exception is the rare 
type III GCT (spermatocytic seminoma) (see 
below). The prerequisite for development of a 
type I or type II GCTs is thus the escape from 
the strictly regulated maturation process from 
an embryonic germ cell to a (pre-)
spermatogonium 

   Primordial germ cell (PGCs) arise from the  –
proximal epiblast  
  PGCs retain an    intrinsic, although sup- –
pressed capacity to pluripotency  
  PGCs move along the hindgut to the devel- –
oping genital ridges (to develop into testes 
in an XY chromosomal constitution)  
  Migration of PGCs is regulated by the stem  –
cell factor (SCF/KITLG)–c-KIT pathway  
  PGCs lose their biparental pattern of  –
genomic imprinting (erasement)  

  Fig. 12.1    Representative examples of normal adult testis 
histology, including: ( a ) hematoxylin and eosin (H&E), 
100×; ( b ) LH-R, ( c ) SOX9, ( d ) TSPY, all 200×. The 

immunohistochemical markers used are informative to 
identify the germ cells in the stage of spermatogonia, ser-
toli cells, and Leydig cells, respectively       
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  Germ cells entering the genital ridge are  –
called gonocytes  
  During the second and third trimester of  –
pregnancy, gonocytes mature into 
prespermatogonia  
  Prespermatogonia lose expression of  –
embryonic germ cell markers  
  Proper maturation is required for  –
spermatogenesis  
  Spermatogenesis is activated by androgens  –
at puberty  
  Gonocytes can be delayed or blocked in the  –
maturation process in a suboptimal 
microenvironment (i.e., cryptorchidism)  
  Presence of germ cells with embryonic  –
(PGC/gonocyte-like) characteristics after 
the  fi rst year of life indicates a maturation 
defect  
  Delayed/blocked gonocytes can survive in  –
postnatal testis  
  Blocked gonocytes can transform and prog- –
ress to neoplasm(s)        

   Introduction to Germ Cell Tumors 

   Germ Cell Tumors: Classi fi cation 
of Germ Cell Tumors (Types I–III) 

 In principle, all cells of the testis can give rise to 
neoplasms. This results in the fact that in the tes-
tis an enormous variety of histological variants of 
tumors can be observed, signi fi cantly in fl uenced 
by age, amongst others. Overall, it is of relevance 
to distinguish two main subgroups: GCTs and 
non-GCTs. Again within these categories, a large 
numbers of histological subgroups can be distin-
guished. Although of fi cially incorrect, the GCTs 
of the testis are often referred to as testicular can-
cer, mainly based on epidemiological criteria; 
they are the most frequent type of neoplasm of 
this organ. Understanding the existence of the 
various types of neoplasms of the testis, and to 
get insight into their pathogenesis, requires 
knowledge about the normal anatomy and physi-
ology of both the developing and mature testis. 
This resulted in novel information about the ori-
gin of especially the various types of GCTs, and 

  Fig. 12.2    Schematic representation of normal germ cell 
development (in  black ) and malignant germ cell develop-
ment (in  red ). Embryogenesis    starts with fertilization, and 
generation of pluripotent stem cells, referred to as embry-
onic stem cells (ES), which are responsible for formation 
of the various differentiation lineages (both somatic and 
extra-embryonic). All these cells have a biparental pattern 
of genomic imprinting (GI) (represented in  orange ), 
resulting from a pure male- ( blue ) and female- ( red ) 
mature germ cell. The primordial germ cell (PGC) erases 
this biparental pattern, which in the male differentiation 
lineage in fully becoming paternal, via the stages pre-
spermatogonia (A,B), primary and secondary spermato-
cyte and spermatid leading to fully matured sperm. The 
types of germ cell tumors originate from different stages 
of stem cell/germ cell development, representing their 
developmental potential. Type I are the teratomas and 
yolk sac tumors found in neonates and infants, Type II are 
the seminomas and nonseminomas diagnosed in adoles-
cents and young adults, and the Type III are the spermato-
cytic seminomas, predominantly occurring in elderly 
males. The timing of birth, start of meiosis, and puberty 
are indicated       
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identi fi cation of informative diagnostic markers. 
The GCTs represent the most frequent neoplasm, 
followed by the sex cord–stromal tumors (Leydig 
cell and Sertoli cell tumors), and others (lym-
phoma, etc.). Based on morphological criteria, 
GCTs are subdivided into (classic) seminoma, 
spermatocytic seminoma, embryonal carcinoma, 
yolk sac tumor, teratoma, and choriocarcinoma. 
These can be either pure or (inter)mixed in 
composition.

   In contrast to the histological description of • 
GCTs, on which all pathological classi fi cation 
systems are based, an alternative is pre-
sented. This has been appreciated by the 
World Health Organization as well as spe-
cialized pathologists in the  fi eld. According 
to developmental potential, cell of origin, 
age at clinical presentation, pattern of 
genomic imprinting, and molecular charac-
teristics, GCTs can be classi fi ed into  fi ve 
entities (type I–V) (see Fig.  12.2 ), each with 
their own pathogenesis and pattern of 
(identi fi ed) risk factors. In this chapter, only 
the type I–III GCTs will be discussed, as 
they can be found in the testis. The type IV 
GCTs (dermoid cyst of the ovary) and type 
V GCTs (hydatidiform mole of placenta) are 
discussed elsewhere    

   Type I (Pediatric) Germ Cell Tumor 
    Clinical features• 

   Tumor of predominantly neonates and  –
infants (incidence of testicular GCT is 1–2 
cases per million person-years)  
  First peak of incidence in  fi rst 2 years  –
(mean age, 20 months for teratoma), sec-
ond peak at age of 10  
  Can be found in sacrococcygeal region, retro- –
peritoneum, intracranial, and mediastinum  
  Mostly benign (in contrast to type II terato- –
mas, see below)  
  Malignant progression can occur, leading  –
to yolk sac tumor (malignant)  
  No risk factors have been identi fi ed so far  –
and no increase in incidence in the general 
population have been reported  
  No familial predisposition seems to be  –
signi fi cant     

  Gross and microscopic features• 
   Teratoma –

   Most common GCT in pediatric population   °
  Heterogeneous, mixed cystic and solid  °
mass with gray or brown cut surface  
  Mixture of differentiated (mature)  °
somatic tissue, possibly containing 
(immature) neuroepithelial structures  
  Derivates of all three germinal (somatic)  °
layers might be present (pluripotent)  
  Cartilage, and fetal mesenchymal tissue  °
is often observed  
  Immature neural tissue might be inter- °
mixed in various quantities and include 
nests glands and tubules lined by imma-
ture embryonal-like cells with high 
mitotic activity  
  Malignant transformation to yolk sac  °
tumor is possible  
  Microscopic foci of yolk sac tumor  °
(<3 mm) do not affect prognosis  
  Patients with multiple large foci of yolk  °
sac tumor might require additional che-
motherapy (depending of the tumor 
stage)  
  Can histologically not be distinguished  °
from type II teratoma (see below)     

  Yolk sac tumor –
   Can be primary malignancy in the testis   °
  Malignant progression to yolk sac tumor  °
can occur in teratoma (might be mixed)  
  Can histologically not be distinguished  °
from type II yolk sac tumor (see below)        

  Precursor lesions and cell of origin• 
   Type I GCT, both teratoma and yolk sac  –
tumor, arise from early immature embryonic 
stem or germ cells. This is supported by:

   Pattern of genomic imprinting—simi- °
larly to embryonic stem cells or early 
PGCs (biparental or partially erased)  
  Mouse teratoma models histologically  °
represent type I GCTs: Pten-knockout 
mouse, Ap2gamma-knockout mouse, 
Fhit-knockout mouse, p53-knockout 
mouse, Kit-ligand de fi cient mouse in 
the 129/Sv background     

  No precursor lesions of type I GCT are his- –
tologically identi fi ed yet     
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  Molecular features• 
   Type I teratomas show normal chromo- –
somal content (diploidy). In contrast, type I 
yolk sac tumors are aneuploid, with recur-
rent chromosomal changes including:

   Loss of part(s) of 1p, 4, 6q   °
  Gain of part(s) of 1q, 12p13, 20q, and 22   °
  No genetic mutations have been found  °
so far (teratoma and yolk sac tumor)           

   Type II (Adult) Germ Cell Tumors 
    Clinical features• 

   Incidence –
   Account for 60% of all malignancies  °
diagnosed in Caucasian males between 
20 and 40 years of age  
  Incidence of 6–11 per 100,000, although  °
dependent of Ethnic background  
  Asian and Blacks signi fi cant lower inci- °
dence, not in fl uenced by migration  
  Plateau in rise related to World War II   °
  Highest incidence in the northern  °
European countries (Denmark, Germany, 
Norway, Sweden)  
  Signi fi cant rise in incidence during last  °
decades (3–6%)  
  Family predisposition involved   °
  No high penetrance cancer susceptibil- °
ity gene identi fi ed  
  Nonseminomas develop earlier than sem- °
inomas (median age, 25 vs. 35 years)  
  In immunocompromised patients (HIV)  °
seminoma present clinically at the age 
of nonseminoma  
  Bilateral tumors occur in up to 5% of the  °
patients (synchronous or metachronous)  
  Can also be found in retroperitoneal  °
region, intracranial site and 
mediastinum     

  Known risk factors –
   Are associated with the aberrant germ cell  °
maturation during the fetal development  
  Clinical predisposition is related to the  °
testicular dysgenesis syndrome (TDS)

   TDS includes a spectrum of disor- ♦
ders of the male reproductive system 
including cryptorchid testis,  hypospadias, 
microlithiasis, sub- or infertility; 

widely accepted view on its patho-
genesis is that environmental endo-
crine disrupting chemicals act on 
Leydig cells and/or testicular Sertoli 
cells, resulting in abnormal develop-
ment of the testis     

  Speci fi c types of disorder of sex devel- °
opment (DSD)

   DSD (previously intersex) is de fi ned  ♦
as a congenital condition in which 
development of a chromosomal, 
gonadal, or anatomical sex is atypi-
cal. The risk for type II GCTs is 
speci fi cally related to hypoviriliza-
tion and gonadal dysgenesis, related 
to presence of part of the Y chromo-
some (likely TSPY as candidate)     

  Genome-wide association studies have  °
implicated single nucleotide polymor-
phism (SNPs) related to SCF (KITLG) 
DMRT1, SPRY4, HTERT/CLPM1L, 
ATF7IP, and BAK1 genes as risk 
modi fi ers  
  Low and high birth weight suggested to  °
be associated with increased risk  
  Most likely a combined action between  °
genetic and environmental factors is the 
most important determinant in risk 
determination, referred to as 
GENVIRONMENT     

  Prognosis –
   Type II GCTs are malignant neoplasms,  °
with a high tendency to metastasize to 
retroperitoneal lymph nodes and differ-
ent other organs, in fl uenced by histo-
logical composition. In spite of this, 
they overall show a good prognosis. In 
patients with metastasized disease, three 
prognostic groups are identi fi ed: good, 
intermediate, and poor  
  Overall 10-year survival rate over 90%   °
  Radiotherapy is effective for metastatic  °
seminoma  
  Worse prognosis in patients with dis- °
seminated choriocarcinoma  
  Late relapses (after 2 years) can occur  °
in nonseminomas, often with worse 
prognosis  
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  Most patients with metastasized disease  °
cured using cisplatin-based chemotherapy

   Sensitivity to DNA-damaging agents  ♦
(including irradiation and chemother-
apy) supposed to be multifactorial 
related to the embryonic germ cell ori-
gin. Embryonal stem cells are sensitive 
due to lack of DNA repair mechanisms 
combined with no G 

1
  arrest checkpoint. 

In addition, low level for apoptosis 
induction of germ cells is involved in 
preventing transmission of mutated 
DNA to the next generation     

  Retroperitoneal lymph node dissection  °
might be indicated  
  Long-term side effects of the chemo °
(radio)therapeutic treatment are com-
mon, including subfertility, fatigue, car-
diovascular complications, metabolic 
syndrome, and, less frequently, second-
ary cancer     

  Serum markers –
   Three principal tumor serum markers  °
for type II GCTs are available and used 
according to the guidelines for primary 
diagnosis, staging, monitoring of thera-
peutic response and followup  
  Alpha-fetoprotein (AFP) (half-life of  °
4.5 days) is elevated in up to 70% of 
patients. Predominantly generated by 
the yolk sac component  
  Beta subunit of the human choriogonad- °
otropin (HCG) (half-life of 24–36 h) 
elevated in 50% of patients. Predom-
inantly generated by the choriocarci-
noma component  
  Marijuana usage can result in false posi- °
tive hCG  fi nding  
  Lactate dehydrogenase (LDH1), being  °
less speci fi c. Elevated in 40–60% of 
patients  
  If these tumor markers do not decline  °
expected based on half-life after treat-
ment, residual disease is likely

   Normal level of the markers does not  ♦
prove    absence of disease (only 40–50 
and 30% of relapses in patients under 
active surveillance for clinical stage I 

disease and after systemic chemo-
therapy are associated with marker 
increases)           

  Gross, microscopic, and immunohistochemi-• 
cal features by speci fi c histological type

   Histologically, different variants of type II  –
GCT can be identi fi ed. These are subdi-
vided into seminoma and nonseminoma. 
According to the British Classi fi cation, a 
combined tumor is composed of both a 
seminoma and nonseminoma component, 
referred to as nonseminoma to the other 
classi fi cation systems. Nonseminoma 
de fi nes a cancer with the following possible 
histological types: embryonal carcinoma, 
teratoma, yolk sac tumor, and choriocarci-
noma (with or without a seminoma compo-
nent). Overall, about 40% of type I GCTs 
are seminomas and 60% nonseminomas. 
Nonseminoma show mostly a mixture of 
different histological components  
  The different histological components are  –
described below in more detail  
  Seminoma (see Fig.   – 12.3 ) 

   Solid tumors with gray, white, or pink  °
surface  
  Microscopically, the tumor consists of  °
sheets or lobules separated by  fi brous 
septa with lymphoid in fi ltrate  
  Round to polygonal tumor cells with  °
clear or eosinophilic cytoplasm  
  Nuclei are central and contain promi- °
nent nucleoli  
  Epithelioid cells, Langhans giant cells,  °
or sarcoid-like granulomas can be 
present  
  Up to 25% contain syncytiotrophoblas- °
tic giant cells  
  Atypical seminoma show a greater  °
degree of polymorphism and a higher 
mitotic rate; however the clinical 
signi fi cance of this subtype is doubtful  
  There is nuclear staining for markers of  °
undifferentiated germ cells, including 
OCT3/4, SALL4, NANOG, AP2gamma 
(>90% of tumor cells are positive)  
  OCT3/4 is nowadays the most sensitive  °
and speci fi c marker for seminoma 
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(as well as for CIS and embryonal carci-
noma), always nuclear in localization  
  Variable membranous staining for mark- °
ers of germ cell differentiation, including 
CD117 (c-KIT), D2-40, as well as for 
placental alkaline phosphatase (PLAP)  
  In contrast to embryonal carcinoma,  °
(see below) no expression of EMA in 
seminoma  
  Immunohistochemistry for cytokeratins  °
can be positive without clinical impact  
  SOX17 is positive in seminoma and can  °
differentiate seminoma from embryonal 
carcinoma, which is SOX17 negative. 
However, normal PGCs and gonocytes as 
well as spermatogonia are positive as well     

  Embryonal carcinoma (see Fig.   – 12.4 ) 
   Solid tumor with gray to pink appearance  °
and foci of hemorrhage and necrosis  
  Growth pattern varies from solid to pap- °
illary and syncytial  
  Typical epithelial-like cells with large  °
irregular nuclei  

  Mitotic  fi gures are frequent   °
  Syncytiotrophoblastic giant cells might  °
be scattered  
  There is a nuclear (and cytoplasmic)  °
staining for markers of undifferentiated 
germ cells, including OCT3/4, SALL4, 
NANOG (>90% of tumor cells are 
positive)  
  OCT3/4 also shows both a nuclear and  °
cytoplasmic localization  
  Membranous staining for CD30, EMA,  °
and PLAP  
  Markers differentially expressed in  °
embryonal carcinoma vs. seminoma are 
SOX2, CD30 (exclusively positive in 
embryonal carcinoma), and EMA of 
SOX17 (positive in seminoma)  
  Vascular invasion is often the result of  °
embryonal carcinoma     

  Yolk sac tumor (see Fig.   – 12.4 )
   Solid soft tumors, gray-white to yellow  °
surface  
  Necrosis may be present   °

  Fig. 12.3    Representative examples of an invasive seminoma, stained with ( a ) H&E, and the immunohistochemical 
markers ( b ) OCT3/4, and ( c ) SOX17       

  Fig. 12.4    Representative example of a mixed nonseminoma, containing an embryonal carcinoma and yolk sac tumor 
component, stained with ( a ) H&E, and the immunohistochemical markers ( b ) OCT3/4, and ( c ) SOX2       
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  There are numerous pattern of differen- °
tiation: microcystic, macrocystic, endo-
dermal sinus, papillary, glandular, solid, 
polyvesicular, vitelline, hepatoid, myx-
oid, parietal pattern  
  Various pattern are usually admixed in  °
one tumor  
  Foci of yolk sac tumor are frequently  °
seen in nonseminomas  
  Pure yolk sac tumors are rare   °
  AFP and glypican 3 are variably  °
expressed in yolk sac tumors and can be 
informative to discriminate from other 
components and cancers  
  Combination of these markers can  °
increase sensitivity for the detection  
  Low molecular weight cytokeratins are  °
positive in yolk sac tumors     

  Choriocarcinoma –
   Tumor represents as nodules with  °
hemorrhage  
  Composed of trophoblast-like cells and  °
syncytial large cells  
  Frequently present in nonseminomatous   °
  Rare in a pure form (<0,1% of all TGCT)   °
  Pure choriocarcinoma is likely to pres- °
ent as a highly aggressive disease with 
hematogenous metastases  
  Syncytiotrophoblasts are positive for beta- °
HCG, inhibin (alpha subunit), and EMA  
  Cytokeratin is expressed in trophoblasts  °
and syncytiotrophoblasts     

  Teratoma –

   Malignant tumor showing somatic dif- °
ferentiation with endoderm, ectoderm, 
and endoderm derivates  
  Teratomatous component is often pres- °
ent in nonseminomas  
  Various somatic malignancies might  °
arise in the background of teratoma 
including sarcoma, PNET, carcinoma, 
and nephroblastoma  
  No speci fi c immunopro fi le, the differ- °
entiated areas of teratoma show immu-
nophenotype which is in accordance 
with the underlying cell type  
  AFP can be expressed in intestinal or  °
hepatoid areas  
  Intratesticular epidermoid cyst repre- °
sents a rare benign teratoma in the adult 
and should not be mixed up with the 
type II malignant teratoma

   This benign teratoma shows in  ♦
 contrast to the malignant type II 
 teratoma no CIS (see below) in the 
adjacent testis. Careful examination 
of the seminiferous tubules should be 
done under usage of the immuno-
histochemistry for OCT3/4 (or 
another marker for CIS). Detection of 
CIS supports a malignant type II 
teratoma           

  Precursor lesions and cell of origin (see • 
Fig.  12.5 ) 

   The precursor of all type II GCTs of the  –
testis is the so-called carcinoma in situ 
(CIS) of the testis, also referred to as intra-
tubular germ cell neoplasia unclassi fi ed 

  Fig. 12.5    Representative examples of a seminiferous 
tubules containing carcinoma in situ (CIS) cells and intra-
tubular seminoma cells, stained with ( a ) H&E, and the 

immunohistochemical markers ( b ) OCT3/4, and ( c ) stem 
cell factor (KITLG)       
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(IGCNU) or testicular intraepithelial neo-
plasia (TIN). It is expected that all patients 
with CIS will eventually develop an inva-
sive cancer (in the prospective study, 70% 
of the patients with CIS developed an inva-
sive GCT within 7 years)  
  CIS cells are located at the inner side of the  –
basal lamina of the seminiferous tubule, 
most frequently in a single row in close 
connection with Sertoli cells, under their 
interconnecting tight junctions  
  CIS is often present in the adjacent paren- –
chyma of invasive type II GCTs, especially 
nonseminomas  
  Activated immune system as found in sem- –
inomas can also eradicate CIS  
  PGCs and CIS cells share the same pattern  –
of genomic imprinting (erased), telomerase 
activity, and gene and protein expression 
pro fi le  
  CIS shows homogeneous expression of  –
markers of PGCs/gonocytes, including 
c-KIT, BLIMP1, AP2gamma, OCT3/4, 
NANOG, LIN28 (and many more)  
  OCT3/4 is the most speci fi c and sensitive  –
marker for CIS, strongly staining the 
nucleus of all CIS cells, but not normal 
spermatogonia  
  The CIS counterpart in dysgenetic gonads  –
with a low level of virilization (i.e., no or 
limited testicular differentiation) is known 
as gonadoblastoma

   Gonadoblastoma is composed on CIS- °
like cells intermixed with stromal cells 
expressing FOXL2 (Granulosa differen-
tiation), whereas Sertoli cells (SOX9 
positive) are associated with CIS. 
Gonadoblastoma can mimic CIS, to be 
differentiated by SOX9 and FOXL2. 
Presence of gonadoblastoma is proof for 
the presence of DSD     

  Overdiagnosis of CIS is possible due to  –
germ cell maturation delay. This can be 
avoided using immunohistochemical detec-
tion of SCF (KITLG)

   In a testicular biopsy taken during the  °
 fi rst year of life in an individual with 
possible germ cell maturation delay 

(e.g., cryptorchidism), overdiagnosis is 
possible. Distinguishing morphologi-
cal criteria are not strictly informative; 
immunohistochemistry with OCT3/4 
is also discriminatory. It can be solved 
using immuno histochemistry for SCF, 
speci fi cally present in the premalig-
nant cells     

  No informative animal model has been  –
identi fi ed yet     

  Molecular features• 
   Chromosomal constitution –

   Seminomas and CIS are hypertriploid  °
and the nonseminomas hypotriploid type 
II GCT show various losses and gains of 
(parts of) chromosomes: loss of chromo-
somes 4, 5, 11, 13, 18, and Y and gain of 
chromosomes 7, 8, X, and 12  
  Yolk sac tumors show recurrent chro- °
mosomal imbalances, including loss of 
1p, 4, and 6q, and gain of 1q and 20q  
  All invasive tumors show gain of 12p,  °
mostly due to formation of isochromo-
somes (i12p). Regional high level 
ampli fi cation can also be observed. No 
obvious candidate gene(s) has been 
identi fi ed so far, although various have 
been suggested (CCND2, NANOG 
KRAS2, etc.)

   Studies indicate that gain of 12p is  ♦
progression related (occurs when 
CIS cells become independent of 
interaction with Sertoli cells). 
Cyclin D2 (CNND2) is expressed in 
all type II GCTs, as well as in CIS, 
while NANOG is expressed in CIS 
as well as seminoma and embryonal 
carcinoma. It is most likely that 
multiple genes located on 12p are 
relevant in the pathogenesis. It 
matches with the observation that 
gain of 12p can be found in extended 
in vitro cultures of human embry-
onic stem cells     

  X chromosome is gained in the majority  °
of TGCT

   Familial predisposition of type II  ♦
GCT has been linked to the X chro-
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mosome. Additional X chromo-
some is also relevant in the context 
of Klinefelter  syndrome patients, 
although these patients only develop 
mediastinal type II GCTs (not 
testicular). A role of the X chromo-
some might also be suggested from 
data of patients with speci fi c forms 
of DSD. Supernumerical X chro-
mosomes are inactivated in non-
seminomas by methylation. This, in 
parallel to normal embryogenesis, 
result from function of the non-
(protein)-coding  XIST  gene. This 
phenomenon is correlated with 
hypomethylation of the promoter 
region, reported to be useful as 
molecular target for this type of 
cancer        

  Epigenetic modi fi cations –
   CIS and seminomas show a hypomethy- °
lated DNA status, in contrast to the vari-
ous histological types of nonseminomas, 
this parallels normal embryogenesis  
  Histone modi fi cation proteins BLIMP1  °
and PRMT5

   The complex of the transcription fac- ♦
tor BLIMP1 and protein arginine 
methyltransferase-5 PRMT5 protein 
is expressed in CIS and seminoma. 
Proposed function of BLIMP1/
PRMT5 complex is suppression of 
premature differentiation and mainte-
nance of pluripotency in PGCs/gono-
cytes by dimethylation of H2A/H4 at 
arginine 3 and repression of gene 
expression (see above). It suggests 
that histone H2A and H4 arginine 3 
dimethylation suppress differentia-
tion of CIS and seminoma, while loss 
of these histone modi fi cations might 
induce reprogramming and differen-
tiation to embryonal carcinomas and 
the various subtypes of differentiated 
nonseminomas        

  Embryonal stem cell genes –
   Expression pattern of mRNA in semi- °
noma and embryonal carcinoma shows 

high levels of mRNA of genes related to 
the pluripotency (OCT3/4, NANOG, 
LIN28), in close similarity to the PGCs/
gonocytes and embryonal stem cells

   In embryonal stem cells, pluripotency  ♦
is regulated by interaction of POU5F1 
(OCT3/4) with a member of the SOX 
family. Studies in cell lines derived 
from seminoma and embryonal carci-
noma provide evidence that the func-
tional partner of POU5F1 in 
seminomas is SOX17, and in embry-
onal carcinomas SOX2. The role of 
POU5F1/SOX17 complex is likely 
not in regulation of pluripotency but 
in prevention from apoptosis     

  Two speci fi c variants of the protein  °
encoding OCT3/4 are recognized, of 
which the A (or I) type is a nuclear pro-
tein and is related to pluripotency

   The B (or II) variant is localized in  ♦
the cytoplasm and is not related to 
regulation of pluripotency. Detection 
of OCT3/4 mRNA is hampered by 
existence of two variants as well as 
the presence of pseudogenes. This 
may result in false positive RT-PCR 
observations in variety of non-GCTs     

  Expression pattern of NANOG is simi- °
lar to OCT3/4     

  Involvement c-KIT (CD117) –
   Receptor tyrosine kinase   °
  c-KIT is expressed mainly in CIS and  °
also, but less, in seminoma, but not in 
embryonal carcinoma  
  c-KIT is downregulated during the pro- °
gression of CIS to seminomas  
  Ampli fi cation of c-KIT is found in a  °
selected number of seminomas  
  Activating gene mutations in exon 17  °
are detected mostly in (bilateral) 
seminomas

   It is supposed that activation of c-KIT  ♦
in early germ cells during fetal phase 
of germ cell differentiation can 
potentially lead to survival of imma-
ture germ cells in the niche of sper-
matogonia. It has also been proposed 
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that c-KIT plays a role in the initia-
tion of the germ cell malignancy but 
might not be relevant for the further 
steps of progression        

  Mutational status –
   GCTs show overall an exceptional low  °
mutation rate of genomic DNA

   This is supported by mutation analy- ♦
sis of individual genes as well as by 
high-throughput investigation on the 
mutation status of the kinome. 
Various deep sequencing projects are 
currently undertaken. The unique-
ness of this low mutation rate is likely 
to be (again) related to the embryonic 
cell of origin. Embryonic stem cells 
keep one of the two DNA strands 
protected against any form of muta-
tions, the so-called immortal DNA 
strand. This reduces the probability 
of transmitting of the DNA anoma-
lies to the next generation     

  BRAF and microsatellite instability °
   Overall, type II GCTs, with the excep- ♦
tion of teratomas, show an exceptional 
sensitivity to DNA damaging agents. 
However, not all nonteratomatous ele-
ments are sensitive to cisplatin-based 
chemotherapy. Various putative mech-
anisms for resistance are proposed 
based on limited studies and number 
of cases. Intriguing  fi ndings are the 
role of microsatellite instability (MSI), 

BRAF mutations, disturbed apoptotic, 
etc. MSI is found in about 30% of the 
refractory cancers, in a signi fi cant 
number related to hypermethylation 
of the promoter region of hMLH1. 
Interestingly, this seems to be partially 
overlapping with activating mutations 
within the BRAF oncogene (V600E) 
in all patient groups              

   Type III Germ Cell Tumors (Spermatocytic 
Seminoma) 

    Clinical features• 
   Rare tumor, up to 4% of all GCT of the  –
testis  
  Incidence 0.4 per 1,000,000   –
  Occur in older male compared to type II  –
GCT, average age 52 years  
  Most tumors are unilateral   –
  Bilateral tumors can occur   –
  Serum markers (AFP, HCG, LDH) are  –
negative  
  Metastases from a pure spermatocytic sem- –
inoma are very rare  
  Sarcomatoid dedifferentiation rarely occurs  –
within a spermatocytic seminoma and is 
associated with a progressive disease  
  No association with cryptorchidism   –
  Excellent prognosis with surgery alone      –

  Gross, microscopic, and immunohistochemi-• 
cal features (see Fig.  12.6 ) 

   Soft tumor with mucoid grayish-white cut  –
surface, and friable texture  

  Fig. 12.6    Representative example of a spermatocytic seminoma, stained with ( a ) H&E and ( b ) DMRT1       
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  Background of edematous stroma   –
  Tumor cells are of various size: large  –
eosinophilic cells, small dark cells, and 
mono- or multinucleated giant cells  
  High mitotic activity   –
  CIS/IGCNU/TIN is not present   –
  Speci fi c precursor lesions might be present  –
(so-called intratubular spermatocytic semi-
noma in situ)  
  Immunohistochemical markers of classic  –
seminoma (OCT3/4, PLAP, c-KIT) are 
negative  
  Spermatogonial markers DMRT1, OCT2,  –
SSX2–4, and SAGE1 are positive in sper-
matocytic seminoma (the last suggesting a 
heterogeneous origin)

   In the histogenetic model, spermatocytic  °
seminoma arise from mature sper-
matogonia or spermatocytes        

  Molecular features• 
   Gain of chromosome 9 is consistent   –
  DMRT1 is an interesting 9p gene   –
  Paternal pattern of genomic imprinting   –
  Many testis cancer antigens and genes  –
related to spermatogenesis are expressed  
  HRAS and FGF3 genes are frequently  –
mutated, especially in the cases in elderly 
men  
  The canine seminomas are the animal  –
model for type III GCTs          

   Sex Cord/Gonadal Stromal Tumors 

    Sex cord tumors are rare; these tumors consti-• 
tute about 4% of all testicular neoplasms. 
Metastases can occur, mainly in adult patients, 
but no histological or molecular prognostic 
markers had been found so far to predict the 
clinical behavior    

   Leydig Cell Tumors 

    Clinical features• 
   Two age peaks, in children mostly between  –
5 and 10, and in adults  

  Hormone producing tumors: testosterone,  –
androstenedione  
  Serum estrogen level might be elevated   –
  In children, clinical presentation might be  –
pubertas praecox or/and gynecomastia  
  Adults frequently present with testicular  –
mass, 30% develop also gynecomastia  
  Bilaterality is rare   –
  10% of Leydig cell tumors are malignant   –
  Malignant tumors do not respond to che- –
motherapy or radiation     

  Gross, microscopic, and immunohistochemi-• 
cal features

   Solid, yellowish tumor   –
  Well circumscribed, sometimes nodular   –
  Average tumor size 2–5 cm   –
  Necrosis and extratesticular extension  –
might occur  
  Typical histologic features include sheets  –
of eosinophilic cells with distinct cell 
borders  
  Reinke crystals are pathognomonic and  –
seen in up to 40% of the cases  
  Pseudoglandular and microcystic pattern  –
can be seen  
  Lipomatous changes might occur   –
  Malignant behavior correlates with the size  –
(>5 cm), higher mitotic rate (>3 mitotic 
 fi gures per 10 high power  fi elds), necrosis, 
vascular invasion, invasion in the neigh-
boring structures, and high proliferative 
activity  
  Tumors are positive for vimentin, inhibin,  –
and LH-R        

   Sertoli Cell Tumors 

    Clinical features• 
   Very rare tumors (<1% of all testicular  –
neoplasms)  
  Mean age at the time of the diagnosis 45  –
years  
  Some tumors are associated with genetic  –
syndromes  
  Large cell calcifying Sertoli cell tumor  –
(LCCST) can be sporadic or associated 
with Carney and Peutz–Jeghers syndromes  
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  Estrogen production might lead to  –
gynecomastia  
  Most Sertoli cell tumors are benign      –

  Gross, microscopic, and immunohistochemi-• 
cal features

   Solid tumor, gray-whitish   –
  Nests, tubules, sheets, mostly bland cytology   –
  Frequently, stromal hyalinization is  –
present  
  LCCST present with nests of large eosino- –
philic cells embedded with hyaline stroma 
(with calci fi cations in some cases)  
  In Peutz–Jeghers syndrome, multifocal  –
bilateral Sertoli cell proliferation occur 
mostly in young patients  
  Immunohistochemically, Sertoli cell  –
tumors are positive for inhibin, cytokeratin, 
vimentin, and SOX9        

   Granulosa Cell Tumors 

    Clinical Features• 
   In similarity to the ovary, juvenile and adult  –
types are distinguished  
  Adult type is rare, metastases occur in up to  –
20% of the patients  
  Juvenile tumors occur mostly in malde- –
scended testis, in young children     

  Gross, microscopic, and immunohistochemi-• 
cal features

   Adult type granulosa cell tumors –
   Solid and well circumscribed, with vary- °
ing size  
  Several histological pattern can occur,  °
including solid, trabecular, insular, 
microfollicular  
  Typically, microfollicles surround  °
eosinophilic material (Call–Exner 
bodies)  
  Tumor cells show grooved nuclei   °
  Tumor cells are reactive for vimentin,  °
inhibin, smooth muscle actin     

  Juvenile granulosa cell tumors –
   Often cystic   °
  Solid and follicle-like zones are  °
admixed  
  Follicles lined by strati fi ed epithelium   °

  Tumor cells are reactive for vimentin,  °
inhibin, smooth muscle actin, and 
focally to anti-Müllerian hormone        

  Molecular features of sex cord/gonadal • 
stromal tumors

   Activating mutations in LH-receptor had  –
been detected in pediatric Leydig cell 
tumors  
  Most ovarian adult type granulosa cell  –
tumors harbor a somatic missense mutation 
in the FOXL2 gene, but no information is 
available yet for the testicular granulosa 
cell tumors         

   Summary of Molecular Pathology 
of Testicular Cancer 

    Neoplasms of the testis comprise a heteroge-• 
neous group of tumors, of which the majority 
is of the germ cell origin. GCTs of the testis 
can be classi fi ed by the cell of origin, as well as 
the molecular  fi ndings into three main groups  
  Type I GCT is a common neoplasm in the neo-• 
nates and children and arises from very early 
germ cells, which are blocked in their differ-
entiation. The most common type I GCT is 
teratoma, which is a benign tumor. Yolk sac 
tumor is a malignant type I GCT, developing 
from transformed early germ cells or, rarely, 
arises in a type I teratoma  
  Type II GCT are malignant GCTs with com-• 
plex morphology and different histological 
subtypes, all arising from a common precursor 
lesions, the carcinoma in situ  
  Seminoma and embryonal carcinoma as well • 
as carcinoma in situ share (partly) the same 
gene expression pattern and pattern of genomic 
imprinting as early fetal germ cells  
  Transition from the precursor lesion to an • 
invasive cancer is associated with gain of the 
short arm of chromosome 12, in which multi-
ple genes might be involved  
  Knowledge of cell of origin of type II GCT • 
has led to the successful employment of 
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OCT3/4 as a highly speci fi c marker of CIS, 
seminoma, and embryonal carcinoma  
  Type III GCTs represent a benign lesion com-• 
posed of germ cells in the maturation stage of 
spermatogonia/spermatocyte. They consis-
tently show gain of chromosome 9, and are 
positive for a number of immunohistochemi-
cal markers, including DMRT1         
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   Ultraviolet Light and Skin Cancer 

    UV light exerts strong genotoxic effects; • 
overwhelming epidemiological and experi-
mental evidence point to solar UV radiation as 
a strong etiologic factor for both melanoma 
and nonmelanoma skin cancer (NMSC)  
  Based on radiation wavelength ( • l ), the UV 
spectrum is conventionally divided into:

   UVA [  – l  320–400 nm, including UVA 
1
  

( l  340–400 nm) and UVA 
2
  ( l  320–340 nm)]  

  UVB (  – l  290–320 nm)  
  UVC (  – l  100–290 nm)     

  UVB radiation constitutes only 5% of the total • 
terrestrial sunlight UV; UVC radiation is com-
pletely absorbed by stratospheric O 

2
  resulting 

in O 
3
  production  

  Depth of penetration of UV radiation into the • 
skin is proportional to its wavelength: UVB 
does not penetrate past the basal layer of the 
epidermis, while UVA reaches into the papillary 
dermis and the super fi cial layers of the reticular 
dermis  
  UV-induced DNA-damage• 

   Although UVA is at least 100 times less  –
mutagenic than UVB, its higher abundance 
in the terrestrial radiation spectrum makes 
it a relevant mutagen for the skin. 
Additionally, the active spectra for speci fi c 
types of DNA-damage are still debated  
  UVB radiation causes DNA-damage  –
mainly through direct photochemical 
 reactions, leading to dimerization of adja-
cent pyrimidines and characteristic UV 

    A.   Saggini ,  MD   (*)
     Department of Dermatology ,  University of Rome Tor 
Vergata ,   Rome ,  Italy  

   Department of Dermatology ,  University of California at 
San Francisco ,   San Francisco ,  CA ,  USA       

     B.   Bastian ,  MD  
     Helen Diller Family Comprehensive Cancer Center , 
 Departments of Pathology and Laboratory Medicine 
University of California at San Francisco ,   San Francisco , 
 CA ,  USA        

  13      Molecular Pathology of Cutaneous 
Melanoma and Nonmelanoma Skin 
Cancer       

        Andrea   Saggini and           Boris   Bastian                  

Contents

Ultraviolet Light and Skin Cancer ......................... 269

Melanoma ................................................................. 272

Nonmelanoma Skin Cancer .................................... 281

Cutaneous Adnexal Neoplasms ............................... 291
Trichoblastoma and Trichoepitelioma ....................... 291
Cylindroma and Spiradenoma .................................... 292
Pilomatricoma ............................................................ 294
Sebaceous Adenoma and Sebaceoma ........................ 295
Muir–Torre Syndrome................................................ 296

Merkel Cell Carcinoma ........................................... 298

Dermatofibrosarcoma Protuberans ........................ 301

Suggested Reading ................................................... 303
Ultraviolet Light and Skin Cancer ............................. 303
Melanoma .................................................................. 303
Nonmelanoma Skin Cancer ....................................... 304
Cutaneous Adnexal Neoplasms ................................. 305
Merkel Cell Carcinoma .............................................. 306
Dermatofibrosarcoma Protuberans ............................. 306



270 A. Saggini and B. Bastian

 photoproducts (i.e.,  cis-syn  cyclobutane 
pyrimidine dimers (CPDs), pyrimidine 
(6–4) pyrimidone photoproducts [(6–4)
PPs], and Dewar valence isomers)

   >80% of sunlight UVB-induced photo-• 
products in normal mammal cells are 
CPDs     

  UVB also damages DNA through indirect  –
mechanisms. Excitation of endogenous 
chromophores such as melanin results in 
production of ROS and subsequent forma-
tion of oxidized DNA bases such as 8-oxo-7, 
8-dihydro-2 ¢ -deoxyguanosine (8-oxo-dG); 
8-oxo-dG may lead to G–T transversions 
and, to a lesser degree, G–A transitions  
  Mutagenic effects of UVA have long been  –
believed to occur solely by indirect photo-
sensitization reactions involving free radi-
cal-mediated oxidation of DNA purines 
(mainly 8-oxo-dG), possibly augmented 
by the Fenton reaction. Recent evidence 
suggests that also UVA 

1
  and UVA 

2,
  albeit 

less ef fi ciently than UVB, can induce CPDs 
through a direct photochemical process, 
with predilection for TT dypiridimine sites   

   A signi fi cant part of the mutagenic effect • 
of UVA in vivo appears to rely on 
CPDs as UVA-induced oxidative DNA-
damage is repaired with high ef fi ciency 
in normal mammalian cells     

  UV mutagenesis is typically distinguished  –
by high frequency of C–T transitions and, 
less commonly, CC–TT tandem base sub-
stitutions at dypirimidine sites   ; this dis-
tinctive spectrum of mutations, which is 
collectively called the “UV signature,” points 
to a role for cytosine-containing CPDs  
  Bulky pyrimidine dimers photoproducts  –
are repaired by the nucleotide excision 
repair (NER) system

   Inherited genetic defects in the NER • 
pathway such as in xeroderma pigmen-
tosum (XP) and Cockayne syndrome 
(CS) lead to UV light hypersensitivity 
and dramatically increased incidence of 
skin cancers  
  Unrepaired CPDs prevent normal DNA • 
replication stalling DNA polymerases, 

leading to stalled replication forks; a 
backup system of “bypass” DNA poly-
merases, such as polymerase- h  (Pol- h ), 
is specialized in translesional DNA syn-
thesis (TLS) at sites with CPDs  
  Repair of CPDs by TLS is prone to • 
result in C–T and CC–TT transitions     

  UV-induced CPDs preferentially involve  –
5-methylcytosines (5mC), which are fre-
quently found in CpG islands  
  Oxidative base lesions are recognized by  –
speci fi c glycosylases and repaired through 
the base excision repair (BER) pathway; to 
date, no signi fi cant link has been found 
between defects in the BER system and 
skin cancer     

  Effects of UV radiation on the immune system• 
   UV radiation further effects skin carcino- –
genesis through proin fl ammatory and 
immunosuppressive effects  
  Longstanding UV exposure can result in a  –
chronic in fl ammatory response mediated 
by proin fl ammatory cytokines (i.e., IL-1 
and TNF a ), ROS and RNS intermediates, 
PAF, and eicosanoids (such as PGE 

2
 )  

  Cutaneous UV irradiation induces immu- –
nosuppressive effects through local and 
systemic reactions

   UV exposure of human skin dampens • 
both delayed-type and contact hyper-
sensitivity reactions     

  The immunosuppressive effect of UV light  –
on human skin, which peaks at 300 nm (UVB 
range) and 370 nm (UVA range), is obtained 
through several mechanisms, including:

   Reduction of the number of Langerhans • 
cells and their antigen-presenting ability  
  Th1 to Th2 shift in the adaptive immunity • 
mediated by release of IL-4 and IL-10 as 
well as downregulation of IL-12  
  Production of  • cis -uronic acid, PAF, and 
PGE 

2
         

  Melanin, pigmentation, and photoprotection• 
   Production of melanin by skin melanocytes  –
represents the predominant mechanism of 
photoprotection in the skin; levels of skin 
pigmentation inversely correlate with mel-
anoma and NMSC risk  
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  After the tyrosinase-mediated conversion of  –
tyrosine to DOPA-quinone, two types of 
melanin can be produced: the brown/black 
eumelanin and the yellow/red pheomelanin  
  Skin pigmentation is highly correlated with  –
eumelanin content and eumelanin/pheomel-
anin ratio, as well as with activity of mela-
nogenic enzymes such as tyrosinase, Dct/
Trp2, and Trp1  
  Eumelanin exerts strong photoprotective  –
effects by transforming UV radiation into 
heat through internal conversion, quenching 
ROS, and showing a higher stability com-
pared to pheomelanin; conversely, pheomel-
anin may even promote formation of ROS     

  UV-induced stress response (tanning response)• 
   UV irradiation induces a stress response  –
aimed at decreasing the impact through 
activating pigment synthesis, DNA repair, 

antioxidative mechanisms, cell cycle arrest, 
and proapoptotic pathways

   The effects are mediated through a com-• 
plex network of autocrine and paracrine 
interactions between keratinocytes and 
melanocytes that are initiated through a 
DNA-damage mediated induction of 
p53 in keratinocytes (Fig.  13.1 )   
  The principal determinant of melanin • 
synthesis and release is the  a -MSH–mel-
anocortin receptor 1 (MC1R)–cAMP–
PKA–CREB–microphthalmia-associated 
transcription factor (MITF) pathway  
  Further factors controlling pigmentation • 
include SCF-, endothelin-, HGF-, FGF-, 
PGE 

2
 - GM-CSF-, and NGF-mediated 

signaling     
  Additional players are the DNA-damage  –
response (mediated through the ATM/

  Fig. 13.1    Molecular interactions between melanocytes, keratinocytes, and dermal microenvironment in physiologic 
regulation of melanocytes functions, and in fl uence of ultraviolet radiation       
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ATR–p53 and NER pathways), p38–MAPK, 
JNK, AKT, and the antioxidative system     

  UV radiation and NMSC• 
   Epidemiological and experimental data  –
have established a causative link between 
UV light and NMSC  
  Incidence of basal cell carcinoma (BCC),  –
squamous cell carcinoma (SCC) precursors, 
and SCC strongly correlates with exposure 
to natural (solar) and arti fi cial (indoor 
tanning) UV radiation

   NMSCs show frequent mutations of • 
 TP53 , which harbor UV signatures     

  UV radiation may induce NMSC acting  –
both as initiator and promoter:

   Keratinocytes can be initiated by • 
UV-induced  TP53  mutations, which 
interfere with the induction of DNA 
repair, cell cycle arrest, and elimination 
of keratinocytes with irreparable DNA-
damage by apoptosis. This promotes 
cancer progression by providing a sur-
vival advantage and by increasing the 
acquisition of subsequent mutations in 
response to UV exposure     

  Critical oncogenic mutations induced by  –
UV radiation involve NOTCH family mem-
bers and  HRAS  in SCC as well as  PTCH1  
in BCC     

  UV radiation and melanoma• 
   Epidemiologic and molecular data link UV  –
radiation to some forms of melanoma:

   Genomic analyses of cutaneous mela- °
nomas revealed an unusually high load 
of somatic mutations compared to other 
solid tumors, with a clear UV signature 
that implicated the majority of somatic 
mutations be caused by UV radiation  
  Sun-exposure early in life in susceptible  °
individuals is a risk factor for melano-
cytic nevi and a distinct type of mela-
noma (nonchronically sun-damaged 
skin melanoma) favoring intermittently 
exposed sites and occurring predomi-
nantly at younger ages (<55 years)  
  High degrees of cumulative exposure  °
to UV radiation promote development 
of a different type of melanoma, pri-

marily affecting the chronically sun-
damaged skin of individuals older than 
55 years (chronically sun-damaged 
skin melanoma)  
  UV radiation is unlikely to play a role in  °
the pathogenesis of acral and mucosal 
melanoma     

  The role of different UV wavelengths in the  –
pathogenesis of melanoma is not fully 
resolved, with data supporting independent 
roles of UVA or UVB

   Animal studies using the   ° Xiphophorus  
 fi sh and transgenic mice implicate UVB 
as the main inducer of melanoma  
  Epidemiological evidence of a dose- °
dependent association between the use 
of tanning beds primarily emitting UVA 
and cutaneous melanoma also supports 
a role of UVA, and has been attributed 
to the rising incidence of cutaneous 
melanoma in young females     

  The role of oxidative damage in cutaneous  –
melanoma mutagenesis is questionable; 
UVA oxidative damage has been postulated 
as a main factor for inducing  BRAF  V600E 
mutations by T–A transversions and/or 
G–A and transitions        

   Melanoma 

    De fi nition• 
   A malignant neoplasm originating from  –
melanocytes of the skin, mucosa, uvea, or, 
very rarely, other tissues

   The denomination “melanoma” refers  °
to a spectrum of different biological 
subtypes, characterized by distinctive 
genetic, epidemiological, clinical, and 
histological features  
  All melanomas are, by de fi nition, consid- °
ered malignant so that the term “malig-
nant melanoma” represents a tautology        

  Epidemiology of cutaneous melanoma• 
   Cutaneous melanoma (CM) incidence is  –
continuously increasing since several 
decades, whereas overall mortality has 
remained constant. Changes in behavior 
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resulting in increased sun-exposure levels 
have been attributed to the increase

   The discrepancy between rapidly rising  °
incidences with stable mortality raises 
the possibility that other factors may 
in fl ate the incidence, as there have been 
no signi fi cant improvements in CM ther-
apy during the observation period. As in 
other cancers such as those of the breast 
and the prostate, part of the increase is 
likely to be due to stepped-up surveil-
lance and increasing biopsy frequency 
with a resulting increase of biologically 
indolent disease forms that current diag-
nostic methods cannot reliably separate 
from CM with lethal potential  
  A shift in diagnostic criteria has been • 
implicated as an additional contributing 
factor     

  As a consequence of the increase in inci- –
dence, CM currently ranks as the  fi fth most 
common cancer in males and the sixth most 
common in females in the US population  
  Light complexion, freckling, the number  –
of melanocytic nevi, and a poor ability to 
tan are major phenotypic risk factors to 
develop CM

   When adjusted for the size of the area at  °
risk, CM most frequently arise on face 
and neck area, followed by trunk and 
proximal limbs     

  CM in individuals younger than 65 years  –
old primarily arise on the nonchronically 
sun-exposed skin, such as the trunk and the 
extremities. By contrast, in older individu-
als, CM preferentially arise on chronically 
sun-exposed sites. The paradoxical  fi nding 
that CM on highly exposed sites take lon-
ger to develop is one of the main observa-
tions indicating the existence of at least two 
biologically distinct forms of CM, sup-
ported by histopathological and genetic 
 fi ndings (see below)  
  The total number of nevi and an increased  –
number of acquired nevi with increased 
size (so-called dysplastic or atypical nevi) 
are additional risk factors for CM originating 
from intermittently exposed skin  

  CM arising on glabrous skin; i.e., palmo- –
plantar surfaces and nail apparatus (so-called 
acral melanomas [AM]) and melanoma 
originating from the mucosa (mucosal mela-
noma [MM]) are reported at comparable 
absolute incidences throughout world popu-
lations. However, their relative frequencies 
are signi fi cantly higher in African and Asian 
populations, primarily due to the rarity of 
CM on the sun-exposed skin

   The pathogenesis of AM and MM  °
appears to be independent of UV expo-
sure or sensitivity        

  Melanocyte development and CM• 
   Melanocytes are derived from the neural  –
crest and colonize the epidermis and hair fol-
licles of the skin during embryonic develop-
ment. They are also found in notable numbers 
in mucosal membranes, uvea, stria vascu-
laris of the inner ear, and leptomeninges  
  Melanocytes migrate from the neural crest  –
through two main routes. A dorsolateral path-
way takes them through the super fi cial mes-
enchyme from which they colonize epidermis 
and hair follicles of the skin. A ventromedial 
pathway also exists in which melanocytes 
emanate from a shared progenitor with 
Schwann cells within developing nerves  
  MITF plays a key role in melanocytic dif- –
ferentiation, function (i.e., pigmentation), 
proliferation, and survival (Table  13.1 )   
  Additional players in regulating migration  –
and differentiation of melanocyte precur-
sors include:

   Cell–cell contact interactions (i.e.,  °
N-CAM, E-CAM)  

   Table 13.1    Target genes under microphthalmia-associ-
ated transcription factor transcriptional regulation   

 Melanocytic differentiation 
  TYR, TYRP1, TYRP2/DCT, SILV/Pmel17, MLANA, 
OA1, RAB27A, SLC45A2, LYST, HPS4  

 Proliferation and survival 
  TBX2, CDK2, DIAPH1, CDKN1A/p21, CDKN2A/p16, 
BCL2, BIRC7/LIVIN, MET, APEX/Ref1, cKit, Ngfr  

 Additional targets 
  SLUG/SNAI2, GPNMB/osteoactivin, melastatin/
TRPM1, DICER  
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  Soluble factors and speci fi c receptors  °
(i.e., SCL–cKIT, ET1/3–EDNRB, glu-
tamate–GRM1, HGF–Met, Neuregulin–
ERBB3, soluble mediators within the 
WNT canonical and noncanonical 
pathways)  
  Transcription factors (PAX3, SOX10,  °
CREB,  b -catenin)     

  Dysregulation of related pathways is  –
thought to play key role also in CM devel-
opment, with different sets of molecular 
pathways being critical in the pathogenesis 
of distinct biologic types of CM     

  Genetic predisposition to CM• 
   Approximately 10% of CM occur in a  –
familial setting of which about one-third 
are due to mutations of  CDKN2A , primarily 
by affecting the  p16  gene product expressed 
from this locus; a small minority of familial 
CM is caused by germline mutations 
affecting  p14/ARF  or  CDK4   
  Germline mutations in   – BAP1  have also 
been linked to CM and uveal melanoma 
and germline mutations of MITF to CM.  
  In addition, several low penetrance genes  –
have been identi fi ed the majority of which 
affect skin pigmentation and tanning ability 
(Table  13.2 ). The most important one to 
date is the  MC1R , which is highly polymor-
phic in Caucasians resulting in decreased 
tanning ability, freckling, and red hair      

  Somatic genetic aberrations of CM• 
   Recent studies provided genetic and molec- –
ular data supporting the existence of different 
biological subtypes of CM; distinct CM 
subtypes would be characterized by differ-
ent predisposing genotypes, environmental 

risk factors, molecular drivers, clinico-
pathological features, and responsiveness 
to speci fi c therapies     

  Oncogenes in CM• 
   A number of oncogenes have been recently  –
identi fi ed, whose constitutive activation 
through genetic mutations is believed to play 
a key role in development of different bio-
logical subtypes of CM. Several oncogenes 
show reproducible associations with clinical 
features suggesting that they delineate dis-
tinct biological subtypes of the disease  
  A common consequence of the major  –
oncogenic mutations so far identi fi ed is 
the, direct or indirect, constitutive activa-
tion of the MAPK pathway (receptor 
tyrosine kinase (RTK)–RAS–RAF–MEK–
ERK) (Fig.  13.2 )      

   • BRAF  and CM
   Approximately 50% of all CM carry an  –
activating  BRAF  mutation, most commonly 
affecting codon 600 in exon 15 (V600E or, 
less frequently, V600K)

    • BRAF  V600 mutations are typically 
mutually exclusive with  NRAS  mutations     

    – BRAF  mutant melanomas seem to be more 
frequent in individuals with higher numbers 
of acquired, benign melanocytic nevi

   Up to 80% of acquired common mel- °
anocytic nevi also bear  BRAF  activating 
mutations establishing them as clonal 
neoplasms  
    ° BRAF  mutations are prevalent among 
CM arising from a preexisting nevus, 
but not all nevus-associated CM have 
BRAF mutations     

    – BRAF  mutant CM have characteristic 
morphologic and clinical features such 
upward scatter of intraepidermal melano-
cytes, increased cell size and pigmentation 
of neoplastic cells and low to moderate 
degrees of solar elastosis in the sub- and 
adjacent dermis     

  RAS and CM• 
   Approximately 15% of all CM have RAS  –
mutations, with NRAS by far representing 
the most commonly mutated RAS family 
member

   Table 13.2    Low penetrance cutaneous melanoma genes 
and loci   

 Con fi rmed, strong association after comprehensive 
meta-analyses of available GWAS studies: 

  MC1R, TYR, TYRP1, SLC45A2, MTAP ,  VDR,  
20q11.13 ( ASIP MYH7B ,  PIGU ) 

 Additional genes/loci with weaker/inconsistent 
association: 

  TPCN2, KITLG, NCKX5, IRF4, OCA2 ,  MITF ,  TERT , 
 TRF1 , 1p22, 10q25 
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     ° HRAS  mutations are found in approxi-
mately 1% of CM, and in up to 20% of 
benign Spitz nevi, with a predilection 
for the intradermal desmoplastic variant  
    ° KRAS  appear to be rarely, if ever, 
mutated in CM  
    ° NRAS  mutations are also a frequent 
 fi nding in medium and large-sized con-
genital nevi (64–81% of cases)     

  Con fl icting data are available about whether  –
 NRAS  mutations are associated with speci fi c 
CM subtypes

   Some studies found NRAS in associa- °
tion with CM arising on chronically 
sun-damaged sites, nodular melanoma 
and lentigo maligna melanoma sub-
types, increased Breslow thickness, 
higher mitotic index, and shorter sur-
vival. Other studies did not  fi nd speci fi c 
associations with clinical or histopatho-
logical features        

  KIT and CM• 
   KIT is a RTK which upon binding with  –
SCF activates several pathways, including 
MAPK, PI3K/AKT/mTOR, and STAT3 
pathways  
  During embryonic development,   – KIT  acti-
vation is essential for migration of melano-
cytic precursors from the neural crest to the 
skin along the dorsolateral pathway  
  Activating mutations of   – KIT  are found in 
10–20% of CM occurring on acral sites 
(palmoplantar surfaces and nail apparatus), 
mucosal membranes, and chronically sun-
damaged skin, and tend to occur in a mutu-
ally exclusive pattern with mutations in 
 BRAF  and  NRAS .  KIT  mutations are typi-
cally absent in CM arising on intermittently 
sun-exposed sites     

  G-alpha-proteins and melanoma• 
   Activating mutations in the G  – a -subunits 
 GNAQ  and  GNA11  are found in the majority 

  Fig. 13.2    Molecular pathways commonly activated by recurrent somatic events driving melanomagenesis. Different 
mutations converge on combined activation of the MAPK pathway and the PI3K–AKT pathway       

 



276 A. Saggini and B. Bastian

of blue nevi, dermal melanocytoses (i.e., 
nevus of Ota and of Ito), uveal melanomas, 
and melanocytomas of the central nervous 
systems. The mutations affect primarily 
codons 209 or 183 of GNAQ or GNA11, 
crippling the G-proteins’ GTPase activity, 
leading to constitutive activation. The 
mutations are found in a mutually exclu-
sive pattern and do not co-occur with muta-
tions in other known CM oncogene such as 
 BRAF ,  NRAS , or  KIT 

   Mutations are not suf fi cient to cause as  °
they are also found in benign lesions such 
as blue nevi. They are therefore consid-
ered an early event in progression and 
have no prognostic role in established 
melanoma. Patients with nevus of Ota 
are at increased risk of uveal melanoma        

  Other mutations in CM• 
   Among all human cancers, CMs    on sun- –
exposed skin have a high number of somatic 
mutations (10 4 –10 5 ). As a consequence, 
distinguishing between mutations that are 
pathogenetic (“drivers”) and irrelevant 
alterations (“passengers”) is not always 
straightforward  
  Nevertheless, several genetic events have  –
been described to occur more frequently 
than expected by chance in CM (Tables  13.3  
and  13.4 )  

   Only a minority of CM harbor   ° TP53  
mutations; however, p53 function is typi-
cally impaired through genetic alterations 
upstream of p53 including ampli fi cation 
of  HDM2  or loss of  p14/ARF         

  Chromosomal aberrations and CM• 
   Typically melanocytic nevi do not show  –
clonal chromosomal aberrations  
  By contrast, the majority (>95%) of CMs  –
have gains or losses of one or more chro-
mosomes. Chromosomal aberrations in 
CM occur in a reproducible pattern that 
shows differences between subtypes. 
Frequent copy number increases involve 
chromosome 1q (25%), 6p (28%), 7 (50%), 
8q (34%), 11q, 17q, and 20q, while com-
mon losses involve 6q (28%), 8p (22%), 
9p, 9q (82%), and chromosome 10 (63%)  

  Both AM and MM exhibit a distinctive  –
form of genomic instability, with multiple 
ampli fi cations and deletions; ampli fi cation 
recur at speci fi c sites that differ between 
AM and MM. The most commonly 
ampli fi ed sites in AM are 11q13 harboring 
 CCND1  and 5p15 harboring  hTERT . In MM, 
ampli fi cations most commonly affect 
chromosome 12q14 harboring  CDK4  and 
 HDM2 . Ampli fi cations arise early in pro-
gression as they can already be detected in 
the in situ portion of these CMs.  
  Detecting chromosomal aberrations in  –
melanocytic neoplasms by e.g. compara-
tive genomic hybridization or  fl uorescence 
in situ hybridization (FISH) can assist in 
the classi fi cation of melanocytic neoplasms 
with ambiguous microscopic features. 
A 4-probe FISH panel has been devised for 
diagnostic discrimination of melanocytic 
tumors, consisting of probes targeting chro-
mosomes 6p, 6q, 6 centromere, and 11q13. 
Aberrations at these loci support the diag-
nosis of CM, and has been associated with 
increased risk of metastasis     

  Evolving melanoma taxonomy• 
   The  fi rst classi fi cation of CM was devel- –
oped by Wallace Clark and colleagues in 

   Table 13.3    Additional recurrent somatic events with 
pathogenetic signi fi cance in melanoma   

 Inactivating mutations/chromosomal losses within the 
 PTEN  locus (10q23) 
 Ampli fi cations and/or activating mutations of  AKT1/3  
 Genetic alterations involving the CDK4/6–cyclin 
D–p16–pRB pathway (i.e., chromosomal losses and/or 
inactivating mutations of  CDKN2A,  ampli fi cations of 
 CCND1  or  CDK4 , deletions of RB) 
 Ampli fi cations of  MITF  
 Activating mutations of  CTNNB1  
 Recurrent Ser722Phe mutations of  TRRAP  

   Table 13.4    Other somatic events with possible relevance 
in cutaneous melanoma   

 Ampli fi cations of  SETDB1  
 Activating mutations of  ERBB4, FLT1, PTK2B  
 Activating mutations of different metalloproteinases 
( MMP8, ADAM7, ADAM29, ADAMTS18 ) 
  GRIN2A  inactivating mutations 
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1973, distinguishing different “histoge-
netic” subtypes. This classi fi cation was 
expanded in 2006 to what is the current 
WHO classi fi cation of melanoma 
(Table  13.5 ). This WHO classi fi cation has 
not been widely adopted into clinical man-
agement, as subtypes partially overlap and 
do not reliably guide therapy strati fi cation   
  Recent advances in the molecular patho- –
genesis have generally supported the exis-
tence of distinct subtypes and provided 
additional features for classi fi cation. While 
a taxonomy that integrates clinical and 
mechanistic aspects is still evolving, one 
can currently distinguish the following 
seven melanoma subsets: melanoma aris-
ing on skin without chronic sun-induced 
damage (NCSD), on skin with chronic sun-
induced damage (CSD), acral skin (gla-
brous skin of the palms and soles and nail 
apparatus; AM), mucosal sites (MM), and 
melanoma arising from nonepithelial-asso-
ciated melanocytes such as the uveal tract, 
dermis, and CNS     

  Melanomas arising on sun-exposed skin with-• 
out signs of cumulative sun-induced damage 
(non-CSD melanomas)

   The most frequent type of CM in popula- –
tions of European descent, peaking in the 
 fi fth–sixth decades and decreasing there-
after, primarily occurring on trunk and prox-
imal limbs (intermittently sun-exposed skin)  
  Occurs in patients with increased number  –
of acquired melanocytic nevi  
  Histopathological features consisting of  –
sharp demarcation from the surrounding 
skin, melanocytes of increased size and 
round shape with increased intracellular 
pigment (“pagetoid”) preferentially arranged 
in nests rather than single units and exhibiting 
frequent upward scatter in the epidermis; 
NCSD melanomas show overlap with the 
SSM category of the WHO classi fi cation 
but also include nodular melanomas arising 
on nonchronically sun-damaged skin  
  Approximately up to 70% of NCSD mela- –
nomas carry  BRAF  activating mutations, 
with the remaining fraction having  NRAS  

   Table 13.5    Melanoma subtypes according to the 2006 World Health Organization classi fi cation   

 Cutaneous melanoma 
 Super fi cial spreading melanoma (SSM): large pleomorphic epithelioid melanocytes in the epidermis with nested 
and single cell upward migration (“pagetoid upward scatter”), good circumscription, and signi fi cant intracytoplasmic 
melanization 
 Lentigo maligna melanoma (LMM): lentiginous proliferation of atypical melanocytes on the background of 
histopathologic signs of marked sun-damage, with frequent involvement of the adnexal epithelium 
 Acral lentiginous melanoma (ALM): arising from acral sites (palms, soles, and subungual region), lentiginous 
proliferation of atypical melanocytes often exhibiting marked dendricity and lateral extension as single units 
 Nodular Melanoma (NM): absence of any epidermal component extending more than three rete ridges beyond the 
margins of the dermal component 
 Desmoplastic melanoma (DM): intradermal proliferation of spindled melanocytes in the context of marked stromal 
desmoplasia, with frequent evidence of lentigo maligna in the overlying epidermis; pure and mixed subtypes can be 
identi fi ed according to the absence or presence of an additional population of more conventional malignant 
melanocytes, respectively 
 Nevoid melanoma: histopathologically resembling a nevus, of the common (small cell melanoma) or Spitz (spitzoid 
melanoma) variants 
 Melanoma arising from a blue nevus 
 Melanoma arising in a congenital nevus 
 Melanoma of childhood 
 Persistent melanoma: recurring locally after incomplete removal of the primary lesion 

 Mucosal melanoma (MM) 
 Uveal melanoma (UM) 
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(20%) and/or other, yet undiscovered, 
oncogenic alterations  
  Recurrent chromosomal aberrations include  –
gains on 1q, 6p, 7, 8q, 17q, and 20q, and 
losses on 9p, 6q, and 10

   The lower age of patients with   ° BRAF -
mutated CM along with the association 
with  BRAF  mutant nevi, which tend to 
occur in the  fi rst two decades of lives, 
suggests that  BRAF -driven melanocytic 
neoplasms develop during a window of 
increased vulnerability early in life        

  Melanomas arising on sun-exposed skin with • 
signs of cumulative sun-induced damage (CSD 
melanomas)

   The second most frequent subtype of CM  –
in populations of European ancestry, most 
common in individuals older that 55 years 
and further increasing with age, and pri-
marily affecting the head and neck area and 
the sun-exposed areas of distal limbs  
  Arising on chronically sun-damage skin as  –
determined by the presence of marked solar 
elastosis. No association with the number 
of melanocytic nevi  
  Histopathological features include poor  –
circumscription, smaller melanocytes pri-
marily arranged as single units in the basal 
epidermis (lentiginous growth)  
  20% of cases bear activating mutations in  –
either  NRAS  and 10–20% have mutations 
or copy number increases of  cKIT , whereas 
 BRAF  mutations are less prevalent (approx-
imately 10%)  
  Frequent chromosomal aberrations include  –
gains on 1q, 6p, 11q13, 17q, and 20q, and 
losses on 6q, 8p, 9p, and 13     

  Acral melanomas• 
   De fi nition: CM arising on the glabrous  –
(nonhair-bearing) skin of the palmoplantar 
surfaces and the nail apparatus  
  Incidence increases with age, peaking in  –
the seventh–eighth decades, and is compa-
rable among world populations; UV light is 
not considered to be an etiologic factor  
  No association with number of acquired  –
melanocytic nevi  
  Histopathological features include poor  –
circumscription, lentiginous growth  

    – cKit  mutations and/or ampli fi cations are 
seen in approximately 20–30% of cases, 
20% have  BRAF  mutations, and approxi-
mately 15% have  NRAS  mutations in a 
nonoverlapping pattern.  
  Other genetic features include marked  –
genomic instability characterized by multi-
ple focal ampli fi cations, most often involv-
ing the  CCND1  and  hTERT  loci on 11q13 
and 5p15, respectively. The ampli fi cations 
arise early during progression and are detect-
able at the in situ stage. Additional recurrent 
DNA copy number changes include gains on 
6p, 7, 8q, 17q, 20q, ampli fi cations on 5p13 
and 12q14, and losses on 6q, 9p, 10, 11q     

  Mucosal melanomas• 
   De fi nition: melanomas occurring on  –
mucosal membranes, including the orophar-
ynx, paranasal sinuses, conjunctiva, and 
anogenital region  
  Similar incidences across all world popula- –
tions; no association with acquired melano-
cytic nevi; UV light is a pathogenetic factor  
  Histopathological features include poor  –
circumscription, lentiginous growth  
    – cKit  mutations and/or ampli fi cations are 
seen in approximately 20–30% of cases, 
15% have  NRAS  mutations in a nonover-
lapping pattern.  BRAF  mutations are rare.  
  Marked genomic instability similar as in  –
AM with differences in the genomic region 
affected by focal ampli fi cations. Most fre-
quently ampli fi ed sites are the  CDK4 / HDM2  
locus on 12q; additional frequent DNA 
copy number changes include gains on 1q, 
6p, 7, 8q, 11q13, 17q, 20q, ampli fi cations 
on 1q31 and 4q12, and losses on 3q, 4q, 6q, 
8p, 9p, 10, 11p, 11q     

  Desmoplastic melanomas• 
   De fi nition: a rare variant of invasive CM  –
characterized by a deeply invasive prolif-
eration of spindled cells within a desmo-
plastic stroma with tendency for extensive 
local invasion and high incidence of local 
recurrence  
  Most often occurring on CSD skin of  –
elderly adults with fair skin; less frequently, 
younger patients and/or sun-protected sites 
are affected  
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  Typical presentation is an amelanotic  –
plaque/nodule, often in the context of a 
preceding visible pigmented lesion  
  The histopathological hallmark is a deeply  –
in fi ltrative, asymmetric growth of spindled 
cells dispersed in a  fi brotic stroma. Two 
histologic subtypes are recognized:

   Pure DM: spindled neoplastic cells  °
 represent >90% of overall neoplastic 
population  
  Mixed DM: presence of a distinct popula- °
tion of malignant melanocytes resem-
bling conventional melanoma, constituting 
>10% of the total neoplastic cells  
  Pure DMs are characterized by low fre- °
quency of nodal and visceral metastases; 
conversely, risk of nodal and systemic 
metastatic disease in mixed DMs is not 
signi fi cantly different from conventional 
CMs, suggesting that mixed DMs are 
derived from conventional CMs with 
secondary desmoplastic change  
  An intraepidermal (in situ) proliferation  °
of neoplastic melanocytes is observed in 
a majority of cases; if the latter is absent, 
valuable diagnostic clues include detec-
tion of hyperchromatic nuclei and 
increased mitotic rate in spindled cells, 
perineural invasion, and patchy lympho-
cytic aggregated throughout the lesion     

  IHC features: strong positivity for S100 in  –
most (but not all) cases, but common lack 
of expression of MITF, tyrosinase, HMB45, 
and MART1; staining with Ki67, SOX10, 
and p75/NTR may be useful  
  The genetic features of DM are yet to be  –
characterized; common genetic events 
observed in CM (including  BRAF, NRAS,  
and  cKit  mutations) are not observed in DM     

  Melanoma of childhood• 
   De fi nition: Varying age cutoffs are used,  –
but the entity is probably best de fi ned as 
melanomas occurring in prepubertal chil-
dren, because melanomas in older children 
express a similar clinical behavior as adult 
CMs and have similar genetic alterations 
(high frequency of  BRAF  mutations) and 
histologic features (often consistent with 
SSM), and prognosis  

  The majority of cases (up to 75%) occur  –
after age 14 years; if postpubertal cases are 
included, melanoma accounts for 1–3% of 
all pediatric malignancies  
  The category of pediatric melanoma  –
encompasses a heterogeneous spectrum of 
conditions, including:

   Transplacental melanomas, transmitted  °
from an affected mother to the fetus in 
utero  
  Melanomas arising in large congenital  °
melanocytic nevi, usually having a non-
epidermal origin  
  Melanomas occurring in association  °
with predisposing conditions such as 
xeroderma pigmentosum or oculocuta-
neous albinism  
  Malignant spitzoid tumors      °

  The de fi nition of malignant spitzoid tumors  –
is based on demonstrated progression to 
systemic metastatic disease. A signi fi cant 
portion of borderline Spitz tumors or atyp-
ical Spitz tumors can show regional micro-
metastasis or even macrometastasis but 
does not progress to systemic metastatic 
disease. Malignant spitzoid tumors tend to 
have clonal chromosomal aberrations that 
can assist in their diagnosis

   No histologic features of primary tumors  °
have been found to reliably predict the 
malignant behavior of atypical spitzoid 
tumors  
  Sentinel lymph node positivity alone  °
does not appear to be a reliable predictor 
of outcome as in adult CM  
  Despite the lack of a comprehensive  °
genetic characterization, malignant spit-
zoid tumors appear to constitute a sepa-
rate category, with distinctive biologic 
behavior and prognostic implications; 
further studies are needed to address 
this issue        

  Uveal melanomas• 
   De fi nition: melanomas originating from  –
melanocytes of the choroid, ciliary body, 
and iris  
  Most common primary intraocular malig- –
nancy in adults, with approximately 1,500 
new cases annually in the USA  
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  Increased frequency in populations with  –
fair skin and lightly colored eyes  
  95% of patients develop liver metastasis.   –
  Histopathologically, highly pigmented  –
melanocytes show a spindle, epithelioid, or 
mixed morphology  
  Prognostic features include: old age, large  –
size of primary tumor, ciliary body involve-
ment, epithelioid morphology, and mono-
somy of or loss of heterozygosity of 
chromosome 3, trisomy of chromosome 8, 
class 2 expression signature  
  Gain of function mutations of the   – GNAQ  
or  GNA11  oncogenes in approximately 
90% of tumors in a mutually exclusive pat-

tern. No mutations in  BRAF, NRAS , or 
 cKIT . Biallelic loss of the histone deubiq-
uitinase  BAP1  on chromosome 3 correlates 
with metastatic progression and poor 
prognosis     

  Staging of cutaneous melanoma• 
   The 2009 AJCC Melanoma Staging  –
Guidelines include tumor thickness, ulcer-
ation, and mitotic rate (at least 1 mitosis/mm 2 ) 
as de fi ning criteria (Table  13.6 )   
  Other features of possible prognostic rele- –
vance include lymphovascular or perineural 
invasion, microscopic satellitosis, and host 
response (“brisk,” “nonbrisk,” or “minimal/
absent”)     

   Table 13.6    Tumor, node, and metastasis (TMN) staging categories for cutaneous melanoma   

 T 
 Classi fi cation  Thickness (mm)  Ulceration status/mitoses 
 Tis  NA  NA 
 T1   £ 1.00  a: Without ulceration and mitosis <1/mm 2  

 b: With ulceration or mitoses  ³ 1/mm 2  
 T2  1.01–2.00  a: Without ulceration 

 b: With ulceration 
 T3  2.01–4.00  a: Without ulceration 

 b: With ulceration 
 T4  >4.00  a: Without ulceration 

 b: With ulceration 
 N 

 Number of metastatic nodes  Nodal metastatic burden 
 N0  0  NA 
 N1  1  a: Micrometastasis a  

 b: Macrometastasis b  
 N2  2  a: Micrometastasis a  

 b: Macrometastasis b  
 c: In transit metastases/satellites without metastatic 
nodes 

 N3  4+  Metastatic nodes, or matted nodes, or in transit 
metastases/satellites with metastatic nodes 

 M 
 Site  Serum LDH 

 M0  No distant metastases  NA 
 M1a  Distant skin, subcutaneous, or nodal metastases  Normal 
 M1b  Lung metastases  Normal 
 M1c  All other visceral metastases  Normal 

 Any distant metastasis  Elevated 

   NA  not applicable;  LDH  lactate dehydrogenase 
  a Micrometastases are diagnosed after sentinel lymph node biopsy 
  b Macrometastases are de fi ned as clinically detectable nodal metastases con fi rmed pathologically  
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  Immunohistochemical markers of melanoma• 
   Antibodies against S100, gp100 (HMB45),  –
MART1/Melan A, and tyrosinase, MITF, 
and SOX10 are commonly used diagnosti-
cally to detect melanocytic differentiation

   Desmoplastic melanomas often lose  °
expression of HMB45, MART1, MITF, 
and tyrosinase           

   Nonmelanoma Skin Cancer 

    De fi nition• 
   NMSCs are a group of keratinocyte-derived  –
neoplasms consisting of:

   BCC: a neoplasm composed of epithe- °
lial cells morphologically resembling 
the keratinocytes of the epidermal basal 
layer  
  SCC: a neoplasm of keratinocytic origin  °
exhibiting variable degrees of differen-
tiation  
  Precancerous conditions such as °

   Actinic keratosis (AK) and actinic  ♦
cheilitis  
  Arsenic-, radiation-, tar-, and PUVA- ♦
induced keratoses  
  HPV-associated epidermal dyspla- ♦
sias (i.e., bowenoid papulosis and 
dysplastic lesions found in epider-
modysplasia verruciformis (EV))     

  Bowen disease (BD) and erythroplasia  °
of Queyrat, variants of SCC in situ 
occurring on the skin and genital mucosa, 
respectively  
  Keratoacanthoma (KA), a variant of  °
SCC that is characterized by rapid 
growth, crateriform architecture with 
highly differentiated squamous cells, 
and a tendency to spontaneously regress        

  NMSC epidemiology and associations• 
   BCC is the most frequent cancer in humans  –
(≅25% of all malignancies in the USA), 
accounting for approximately 75% of NMSC  
  Incidences of both BCC and SCC are con- –
sistently increasing in Caucasians, mainly 
due to population aging and increase of 
recreational UV exposure  

  UV radiation exposure is a key etiologic  –
factor for both BCC and SCC

   Intermittent sun-exposure and a history  °
of blistering sunburns in the  fi rst two 
decades of life are risk factors for BCC  
  Cumulative sun-exposure is the primary  °
risk factor for SCC and AK     

  After the  fi rst diagnosis of NMSC, the risk  –
of developing subsequent NMSCs in the fol-
lowing 5 years is estimated to be about 50%  
  Additional risk factors and associations for  –
development of NMSC are described in 
Table  13.7       

  Genetic predisposition to NMSC• 
   Syndromes caused by defects in DNA  –
repair such as xeroderma pigmentosum and 
Cockayne syndrome or defects in pigmen-
tation as in albinism results in increased 
risk for NMSC  
  Other heritable genetic alterations of lower  –
penetrance have been associations with 
NMSC risk and typically are associated 
with light complexion ( MC1R ,  POMC , 
 ASIP, TYR, IRF4, SLC45A2 ). Variation in 
genes involved in the immune response 
have also been identi fi ed as risk factors 
( IL10 ,  IL12 ,  IL4R ,  TNFR2 ,  HTR2A )  
  In addition, no further speci fi ed risk factors  –
have been linked to chromosome 6p25 
(near  EXOC2 ) and 13q32 (near  UBAC2 )  
  Genetic loci associated with increased fre- –
quencies of BCC, but not SCC, are  KRT5 , 
 KLF14 ,  TERT–CLPTM1L , and not further 
re fi ned loci at 1p36, 1q42, and 9p21     

  Clinical features of BCC• 
   BCC can present as several clinicopatho- –
logical variants

   Nodular BCC is most common and clin- °
ically characterized as a papule, plaque, 
or nodule with telangiectases, pearly 
border, and frequent ulceration

   70% of nodular BCC present on the  ♦
head and neck area (predominantly 
the face), and 25% on the trunk and 
limbs  
  Super fi cial BCC: erythematous  fl at  ♦
papule or plaque, typically presenting 
on the trunk or proximal limbs  
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   Table 13.7    Risk factors for the development of nonmelanoma skin cancer   

 Risk factor  Basal cell carcinoma (BCC)  Squamous cell carcinoma (SCC) 

 Age  More frequent with increasing age 
 Gender  Men 1.5–2× as frequently affected as women 
 Skin 
complexion 

 More frequent in individuals with fair complexion, red hair, poor tanning ability, propensity to 
freckling 

 Sun-exposure  Intermittent sun-exposure, history of 
blistering sunburns in childhood/adolescence, 
tanning beds 

 Cumulative sun-exposure 

 Cumulative sun-exposure may increase risk 
on the facial area 

 Viruses  No known association  HPVs, in particular in immunocompromised 
patients and in epidermodysplasia verruciformis 

 Other  PUVA therapy  PUVA therapy 
 Tanning beds  Tanning beds 
 Ionizing radiation  Ionizing radiation 
 Arsenic (contaminated water; Fowler 
solution) 

 Arsenic (contaminated water; Fowler solution) 
 Polycyclic aromatic hydrocarbons 
 Mineral oils 
 Cigarette smoking 

 Clinical 
conditions 

 Chronic immunosuppression (to a lesser 
degree than SCC) 

 Chronic immunosuppression (organ transplantation, 
hematologic malignancies, AIDS) 

 Chronic wounds (to a lesser degree than SCC)  Chronic wounds 
 Chronic in fl ammation (discoid lupus erythemato-
sus, erosive/hypertrophic lichen planus, lichen 
sclerosus et atrophicus) 
 Linear porokeratosis 

 Genetic 
syndromes 

 Xeroderma pigmentosum  Xeroderma pigmentosum 
 Albinism  Albinism 
 Nevoid basal cell carcinoma (Gorlin–Goltz) 
syndrome 

 Epidermodysplasia verruciformis 
 Epidermolysis bullosa (dystrophic > junctional) 

 Bazex–Dupré–Christol syndrome  Muir–Torre syndrome (keratoacantomas) 
 Rombo syndrome  Ferguson–Smith syndrome (keratoacantomas) 
 Oley syndrome    (?)  Witten and Zak syndrome (keratoacantomas) 

 Previous history 
of NMSC 

 Increased risk of BCC and SCC 

  Sclerotic (morpheaform) BCC: non- ♦
descript plaque with scar-like fea-
tures and ill-de fi ned border  
  “  ♦ Ulcus rodens ”: exophytic nodular 
BCC with extensive central ulcer-
ation surrounded by rolled edges  
  Fibroepithelioma of Pinkus: a soft,  ♦
exophytic papule or nodule resem-
bling a common dermal nevus of skin 
tag, often on the lower back  
  Pigmented BCC: any above variant with  ♦
brown to black, speckled or diffuse 
pigmentation, simulating melanoma        

  BCC rarely metastasize (to the lung or bone)  –
or cause death, but the propensity for local 
invasion can result in signi fi cant morbidity, 
even death if the neoplasms is not eradicated  
  Multiple BCCs, in particular when occur- –
ring at young age, can be indicative of 
nevoid basal cell carcinoma syndrome 
(NBCCS), an autosomal-dominant syn-
drome caused by mutations in the hedge-
hog signaling pathway (Tables  13.8  and  13.9 )    
  A number of clinicopathological features  –
are associated with increased risk of recur-
rence after surgical excision (Fig.  13.3 )      
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   Table 13.8    Nevoid basal cell carcinoma syndrome (NBCCS)   

 Synonyms: basal cell nevus syndrome, Gorlin–Goltz syndrome 
 Autosomal dominant transmission with complete penetrance and variable expressivity 
 Causative germline mutations in  PTCH1  (9q22.3), including insertions, deletions, missense, nonsense, and splice site 
mutations 

 Somatic inactivation of the wild type  PTCH1  allele by deletion, mutation, or loss of heterozygosity 
 In a minority of tumors no somatic event (either genetic or epigenetic) is detected, implying that  PATCH1  
haploinsuf fi ciency can be suf fi cient in some circumstances 

 Clinical signs 
 Neoplasms: multiple basal cell carcinoma; medulloblastoma; fetal rhabdomyoma/rhabdomyosarcoma; keratocystic 
odontogenic tumors of the jaw; ovarian and/or cardiac  fi bromas 
 Skin: epidermal cysts; palmar and plantar pits; facial milia 
 CNS: calci fi cation of the falx and/or tentorium cerebella; cerebral cysts 
 Eyes: microphthalmia; congenital cataract; coloboma of the iris, choroid, and/or optic nerve; orbital and conjuncti-
val cysts; strabismus and/or nystagmus 
 Head: macrocephaly; frontal bossing; enlarged mandibular coronoid; cleft lip and/or palate 
 Skeleton: increased length; kyphosis; spina bi fi da; bi fi d ribs; polydactyly/syndactyly of hands and/or feet 
 Additional features: mesenteric cysts; kidney abnormalities; hypogonadotropic hypogonadism 

 Multiple cutaneous basal cell carcinoma 
 Starting to occur from childhood onwards 
 Predilection for sun-exposed regions 
 High sensitivity to radiation 
 The infundibulocystic histotype is increased in frequency 
 Rarely metastases develop, primarily affecting lungs and bones 

 Systemic (i.e., GDC–0449) and local (i.e., LDE225) inhibitors of SMO have induced partial/complete resolution of 
cutaneous basal cell carcinoma in NBCCS patients 

 Objective responses to systemic treatment have been observed also for medulloblastomas and odontogenic 
keratocysts of the jaw 

   Table 13.9    Additional genetic syndromes associated with multiple basal cell carcinomas   

 Bazex–Dupré–Christol syndrome 
 Until now, approximately 20 families have been reported 
 X-linked dominant transmission with variable penetrance and expression; genetic defect unknown, but involved 
locus mapped to Xq25–27.1 
 Clinical features include hypotrichosis, follicular atrophoderma (dorsa of hands), milia, multiple trichoepitheliomas, 
hypohidrosis, facial hyperpigmentation 
 Hypotrichosis is often noticed early after birth, other symptoms manifest during childhood 
 Multiple BCC may develop from the  fi rst decade onwards 

 Rombo syndrome 
 So far, three families have been described 
 Autosomal dominant transmission, but genetic defect still unknown 
 Clinical features include hypotrichosis, vermiculate atrophoderma (cheeks and elbows), milia, multiple trichoepithe-
liomas, peripheral vasodilation with cyanosis 
 Follicular atrophy of sun-exposed skin and cyanosis are  fi rst noticed in childhood 
 Multiple BCC develop from the fourth decade onwards 

 Oley syndrome 
 Described by Oley et al. in 1992 
 Inheritance mode and genetic defect unknown 
 Probably a clinical variant of Bazex–Dupré–Christol syndrome with spontaneous regression of manifestations 
during adolescence 
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  Pathological features of BCC• 
   Typical histopathological attributes include: –

   Basaloid cells arranged in round or  °
angulated aggregates that emanate from 
the epidermis and show peripheral pali-
sading and a characteristic retraction 
artifact from the surrounding stroma 
often rich in mucin     

  Several histological variants are distin- –
guished and are associated with varying 
risk of recurrence after surgery:

   Low risk: super fi cial BCC, nodular BCC,  °
adenoid BCC,  fi broepithelioma of Pinkus  
  High risk: micronodular BCC, in fi ltrative  °
BCC, morpheaform BCC     

  The IHC pro fi le of BCC resemble that  –
observed in the outer root sheet of the hair 
follicle

   BCC express CK5 and CK14, which are  °
characteristic of the normal basal layer. 
BCCs also express CK15, CK19, SOX9, 
and Ber–EP4 (as observed in the embry-
onic hair germ)     

  In addition, BCC cells commonly express  –
androgen receptors, diffuse BCL2 protein, 
and  a 6 and  b 1 integrins, while surrounding 
stroma stains for CD34 and nestin     

  Molecular features of BCC• 
   The vast majority of BCCs    have somatic  –
mutations in genes involved in the hedge-
hog signaling pathway primarily involving 
the inactivating mutations or deletions of 
the patched ( PTCH1 ) gene (90%) or acti-
vating mutations of the smoothened ( SMO ) 
gene (10%)  
  Genomic loss of 9q occurs in 30–50% of  –
BCCs, with the minimally deleted area 
spanning the  PTCH1  gene at 9q22.3  
    – TP53  is mutated in 50% of cases  
    – PTCH1  and  TP53  mutations have nucle-
otide substitutions characteristic for UV-
radiation, underscoring the role played by 
sun-exposure in BCC pathogenesis  
  Additional recurrent DNA copy number  –
changes in BCC include gains of 6p, 7, 9p, 
18, and X  

  Fig. 13.3    Clinical and histologic risk factors for aggressive behavior in invasive nonmelanoma skin cancer. Many of 
them are shared by both basal cell carcinoma (BCC) and squamous cell carcinoma (SCC)       
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  Trisomy of chromosome 6 may correlate  –
with local aggressiveness and metastatic 
behavior  
  Activating   – RAS  mutations and inactivating 
mutations in  CDKN2A  have been detected 
in a small minority of BCC     

  Hedgehog signaling and BCC• 
   Hedgehog (HH) signaling was initially  –
identi fi ed in  Drosophila melanogaster , 
where it is critical for regulating the antero-
posterior polarity of the developing larva  
  The mammalian hedgehog family includes  –
the Indian hedgehog ( IHH ), desert hedge-
hog ( DHH ), and sonic hedgehog ( SHH ) 
genes (Fig.  13.4 ) 

   SHH signaling is crucial in early devel- °
opment, regulating the formation of 
skin, neural tube, musculoskeletal system, 

hematopoietic cells, and for hair follicle 
growth and cycling  
  IHH signaling is critical for cartilage  °
differentiation; DHH signaling regulates 
the development of perineurium of 
peripheral nerves and spermatogenesis     

  Crucial effectors of SHH signaling are  –
PTCH1, SMO, and GLI proteins

   Active SHH is released in the extracel- °
lular space and acts as ligand for its 
receptors PTCH1 and PTCH2, which, in 
the absence of SHH, keep the G-protein-
coupled receptor SMO in an inactive 
state. Binding of SHH to PTCH1 relieves 
SMO inactivation. PTCH and SMO are 
mainly located at the primary cilium of 
cells. Activation of SMO results in acti-
vated signaling from the GLI family of 

  Fig. 13.4    Dissection of the molecular events involved in 
the hedgehog pathway. Most of the consequences deriving 
from PTCH1 loss of function are exerted through the 

SMO–Gli axis, but Gli-independent effects have been 
identi fi ed as well       
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transcription factors, including GLI1 
(transcriptional activator), GLI2 (activa-
tor or repressor depending on post-
translational modi fi cations), and GLI3 
(transcriptional repressor). GLI-mediated 
signaling increases the transcription of 
SHH target genes such as  PDGFRA , 
 MYCN ,  FOXE1 ,  FOXM1 ,  RUNX3 , 
 BCL2 ,  WNT2B, WNT5A, PTCH1 ,  GLI1 , 
 GLI2 ,  HHIP, MTSS1 , and  IGF2   
    ° PTCH1  (9q22.3) encodes a 12-pass 
membrane protein receptor which can 
bind and sequester SMO  
    ° PTCH2  (1p33–34) shares 73% amino 
acid homology with  PTCH1 , but does 
not seem to play a major role in the SHH 
pathway in BCC  
    ° SMO  (7q32) encodes a 7-pass GPCR 
protein     

  Additional components of the SHH path- –
way include:

   The suppressor of fused homolog  °
(SUFU), which binds to GLI proteins in 
the cytoplasm and exert an inhibitory 
function  
  STK36 (fused homolog, FU), which  °
stabilizes GLI1 by inhibiting GLI1 
ubiquitination  
  HHIP, a transmembrane glycoprotein  °
that compete with PTCH1 for binding 
of SHH     

  In adult tissues, SHH signaling is mostly  –
turned off; SHH signaling abnormal reacti-
vation is involved in the pathogenesis of 
several neoplasms, including cutaneous 
BCC. Aberrant production of SHH, inacti-
vating mutations and/or deletions of 
 PTCH1 , activating mutations of  SMO , and 
genetic defects of  SUFU  are all mecha-
nisms which can lead to abnormally active 
SHH signaling in BCC and other cancers 
such as medulloblastoma

   There is evidence that little more than  °
aberrant SHH signaling activation is 
needed for BCC initial development     

  SHH signaling and cell cycle regulation –
   Aberrant expression of SHH was proved  °
to downregulate p21/CIP, promoting 
G1/S cell cycle progression     

  Depending on the role exerted by SHH  –
signaling, malignant neoplasms can be 
classi fi ed in the following categories:

   Group I: HH signaling is important for  °
tumor initiation and maintenance (BCC, 
medulloblastoma, rhabdomyosarcoma)  
  Group II: HH signaling is important for  °
tumor maintenance but not initiation 
(colorectal cancer, pancreatic AdC)  
  Group III: HH signaling is implicated in  °
tumorigenesis, but its role is still 
unde fi ned (prostate AdC, breast cancer, 
hematologic neoplasms, lung carcinoma, 
ovarian carcinoma, gastric cancer, esoph-
ageal AdC)        

  Cell of origin of BCC• 
   Epithelial cells and their precursors within  –
the interfollicular epidermis and hair folli-
cle epithelium are considered possible cells 
of origin for BCC  
  Different histologic patterns of BCC may  –
derive from different cells of origin     

  Targeted therapies for BCC• 
   Targeting the SHH signaling pathway is the  –
rational basis for the development of thera-
peutic approaches for BCC  
  Cyclopamine was the  fi rst SMO antagonist  –
to be discovered and demonstrated to be 
effective against preexisting BCC in animal 
models of BCC  
  Re fi ned inhibitors of SMO have been  –
developed and show increased ef fi cacy, 
fewer side effects, and better pharmacoki-
netic pro fi les

   Systemic administration of the small  °
molecular inhibitor GCD-0449 lead to 
tumor shrinkage in patients with locally 
advanced and metastatic BCC and reduced 
tumor burden in patients with NBCCS  
  Small molecule inhibitors are also under  °
development for topical treatment of 
BCC; e.g., LDE225 and CUR61414        

  Clinical features of SCC and precursor lesions• 
   Actinic keratosis (AK) is a noninvasive  –
precursor occurring on chronically sun-
damaged skin  
  Synonyms: solar keratosis, senile keratosis,  –
actinic cheilitis (i.e., AK occurring on the 
lip borders)  
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  Association with history of high cumula- –
tive sun-exposure and high number of solar 
lentigines  
  Often multiple lesions (“ fi eld effect”)   –
  Scaly erythematous macule, thin papule, or  –
plaque, rough on palpation (more easily 
felt than seen), occasionally pigmented  
  Overall risk of transformation to invasive  –
SCC for individual lesions is low (<0.1%/
year) but relevant due to high multiplicity 
and persistence of lesions  
  Bowen disease (BD) is a full thickness  –
dysplasia representing SCC in situ arising 
de novo (without adjacent AK)  
  Commonly affecting on chronically sun- –
damaged skin but can involve sun-protected 
areas such as the genitalia  
  Scaly, erythematous, circumscribed plaque   –
  BD occurring on the mucosal surfaces of  –
the anogenital region is also known as 
erythroplasia of Queyrat

   Invasive SCC      °
  Signi fi cantly more frequent in light-skinned  –
individuals, but also the most frequent 
cutaneous malignancy in dark-skinned 
populations  
  Typical presentation: an ulcerated, non- –
healing, keratotic papule, plaque, or nodule 
with an erythematous base on sun-exposed 
skin  
  Adjacent AK or BD is often present in the  –
background  
  Development on sun-protected areas is  –
favored by chronic in fl ammation/infection, 
systemic immunosuppression, and exposure 
to ionizing radiation or chemical carcinogens  
  Overall risk of metastasis between 2% and  –
5% varying depending on clinical and 
pathological features (Fig.  13.3 )  
  Probability of extensive local invasion,  –
recurrence after excision, and systemic 
metastasis is higher when high risk clinico-
pathological features are present (Fig.  13.3 )

   Verrucous carcinoma      °
  A well-differentiated variant of invasive SCC   –
  Almost no risk of systemic metastases but  –
high propensity to local invasion (erosion 
of underlying bone structures is possible)  

  Variants: giant condyloma of Buschke and  –
Löwenstein: verrucous carcinoma on the 
genital skin; oral  fl orid papillomatosis: 
verrucous carcinoma on the oral mucosa; 
carcinoma cuniculatum: verrucous carci-
noma on the plantar surfaces

   KA      °
  A rapidly growing, dome-shaped tumor  –
with a central keratin plug presenting on 
sun-damaged skin. Marked tendency for 
spontaneous, complete involution within 
3–6 months  
  Variants: multiplicity of lesions in nonfa- –
milial (Grzybowski syndrome) or in familial 
settings (Muir–Torre syndrome [MTS], 
Ferguson–Smith syndrome, Witten and 
Zak syndrome)  
  Rare cases reported to cause visceral metas- –
tases, lending support to the notion that KA 
is a more benign form of cutaneous SCC     

  Histological features of SCC and precursor • 
lesions

   AK –
   Pleomorphic keratinocytes, primarily in  °
the basal layer with overlying parakera-
tosis, sparing the adnexal ostia  
  Epidermis may range from thinned  °
(atrophic AK) to signi fi cantly acanthotic 
(hypertrophic AK)  
  In the dermis, super fi cial perivascular or  °
lichenoid lymphohistiocytic in fi ltrate 
(rich in plasma cells in actinic cheilitis), 
and evidence of marked solar elastosis  
  Several histopathological variants are  °
recognized, including acantholytic AK, 
digitated AK, pigmented AK, bowenoid 
AK  
  Attempts of histopathological grading  °
of epidermal dysplasia (i.e., classi fi cation 
into keratinocyte intraepithelial neoplasia 
I, II, and III) have failed to show adequate 
reproducibility or signi fi cant correlation 
with risk of invasion     

  BD –
   Full-thickness intraepidermal dysplasia  °
with loss of ordered maturation, nuclear 
pleomorphism, atypical mitoses, and 
scattered apoptotic cells  
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  Acanthotic epidermis with parakeratotic  °
foci and bulbous rete ridges; underlying 
basal layer often preserved (“eyeliner 
sign”)  
  Variants: Pagetoid BD, clear cell BD  °
change. Can be distinguished from 
Paget disease by negative IHC staining 
for CAM5.2 and CK7     

  Invasive SCC –
   Buds and strands of neoplastic keratino- °
cytes invading into the underlying dermis  
  Variable degree of differentiation, rang- °
ing from formation of horn pearls with 
preservation of intercellular bridges 
poorly differentiated tumors with only 
single cell or complete absence of 
keratinization  
  Recognized histopathological variants  °
include acantholytic (adenoid) SCC, 
spindle cell SCC, desmoplastic SCC, 
neurotropic SCC, and clear cell SCC     

  Verrucous carcinoma –
   Invading broad columns and lobules of  °
well-differentiated neoplastic keratino-
cytes contiguous with an overlying 
epithelium that shows hyperkeratosis 
and papillomatosis  
  Preserved keratinization and blunt,  °
pushing borders at the edges of invading 
lobules  
  Modest cytological pleomorphism, rare  °
mitoses, formation of intraepithelial 
microabscesses     

  KA –
   Symmetrical, exoendophytic, cup-shaped  °
proliferation of well-differentiated, 
ground glass-like keratinocytes with 
sharply demarcated peripheral border  
  Central core with keratinous horn plug;  °
frequent intraepithelial microabscesses 
with neutrophils and eosinophils. Low 
mitotic rate  
  Regressing KA: increased number of  °
apoptotic cells, loss of central keratin 
plug,  fl attened epithelium, underlying 
in fl ammatory foreign body reaction        

  Molecular features of SCC and related lesions• 
   Syndromes with germline mutations result- –
ing in a genetic predisposition speci fi cally 

to SCC include epidermodysplasia verruci-
formis (Table  13.10 ). Multiple KA (at times 
with sebaceous differentiation) are a char-
acteristic feature of MTS and the auto-
somal dominant Ferguson–Smith syndrome 
caused by inactivating germline mutation 
of  TGFBR1     
    – TP53  inactivating mutations are found at 
high frequencies in SCC (41–69%) and 
precursor lesions such as AK (50–60%)

     ° TP53  mutations typically bear the UV 
exposure and appear to represent early 
events in UV-induced development of 
SCC  
    ° TP53  mutant keratinocytes have a sur-
vival advantage as they are no longer 
capable of undergoing apoptosis after 
obtaining irreparable UV-induced DNA-
damage  
  Inactivation of a single   ° TP53  allele 
appears to be already frequent in precursor 
lesions, while loss of the second allele 
is associated with a vast expansion in 

   Table 13.10    Epidermodysplasia verruciformis (EV)   

 A rare, mainly autosomal recessive disease character-
ized by increased susceptibility to HPV cutaneous 
infection and HPV induced oncogenesis 
 Classical EV-associated genes include  EVER1  ( TMC6 ) 
and  EVER2  ( TMC9 ), encoding transmembrane 
channel-like proteins that localize to the endoplasmic 
reticulum.  EVER1  and  EVER2  defects result in de fi cient 
cell-mediated immunity and impaired immune response 
against EV-associated  b -HPV strains (mainly HPV5 
and HPV8) 
 Rare cases with X-linked recessive transmission have 
been reported 
 Cutaneous lesions start to occur in the late  fi rst decade 
and are polymorphous, featuring plane warts, red, 
brown, or achromic plaques, and pityriasis versicolor-
like macules 
 Malignant transformation involve approximately 30% 
of cutaneous lesions starting to occur from the third 
decade onwards, with predilection for sun-exposed 
areas 
 Histologic features of EV-associated skin lesions are 
those of plane warts, with mild hyperkeratosis, 
hypergranulosis, and acanthosis along with blue–grayish 
pale keratinocytes with perinuclear halos 
 Progression toward squamous cell carcinoma is 
paralleled by increased cytological atypia, architectural 
disorder, and increased mitotic index 
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simple mutations, signi fi cant chromo-
somal instability, and progression to 
invasive SCC     

    – NOTCH1  and  NOTCH2  mutations are 
found in 75% of invasive SCC of the skin; 
these mutations probably represent loss of 
function events. Loss of a competent 
NOTCH pathway impairs terminal differ-
entiation of keratinocytes and increases 
their proliferative potential and motility

   Approximately 75% of Notch receptors  °
mutations in invasive SCC resulted from 
G>A transitions after homozygous loss 
of  TP53   
  The distribution of missense mutations  °
in  NOTCH1  and  NOTCH2  re fl ects abro-
gated function, spanning Notch ectodo-
mains as well as the N terminal portion 
of the intracellular domains; conversely, 
Notch gain of function mutations char-
acteristic of leukemias are clustered in 
the negative regulatory region and the C 
terminal PEST domain  
  Truncation mutations, occurring at high  °
frequency in cutaneous SCC, are likely 
to result in nonsense-mediated decay or 
disable Notch signaling activity  
  The heterozygous status of Notch muta- °
tions in cutaneous SCC suggest a role 
for haploinsuf fi ciency and, possibly, 
dominant-negative effects in selected 
cases  
  Notch receptor mutations appear to be  °
absent in BCC and more frequent in SCC 
from the skin than from visceral sites     

    – RAS  activating mutations, predominantly 
involving  HRAS , are found in approximately 
15% of AK and 20% of invasive SCC

   Average frequencies of   ° HRAS, NRAS , 
and  KRAS  in skin invasive SCC are 
approximately 9, 7, and 5%, respectively  
  When   ° RAS  mutations are found, how-
ever, they are regarded as a crucial early 
event in skin SCC pathogenesis  
  In experimental models,   ° RAS  constitu-
tive activation alone was not suf fi cient 
to drive SCC development, resulting in 

growth arrest due to oncogene-induced 
senescence  
  SCC tumorigenesis required the combi- °
nation of  RAS  mutations with addi-
tional oncogenic events, including 
forced coexpression of CDK4 or I k B a , 
inactivation of  TP53 , or loss of p14/
ARF function     

  The classical two-stage chemical carcino- –
genesis protocol for skin papillomas and 
SCC induction in mice exploits HRAS 
constitutive activation

   7 ,12-dimethylbenz(  ° a  )anthracene 
(DMBA) acts as initiator by causing 
 HRAS  activating mutations in codon 12 
or 61, with 12-O-tetradecanoylphorbol-
13-acetate (TPA) promoting prolifera-
tion of mutant keratinocytes through 
PKC activation  
  Studies using conditional expression of  °
constitutively active  KRAS  mutant 
combined with loss of  TP53  in different 
epidermal and hair follicle compart-
ments showed that the either interfollic-
ular epidermis, the hair follicle bulge 
stem cells, or their immediate progeny, 
but not the transient amplifying matrix 
cells, could generate benign papillomas 
and invasive SCC     

  The PI3K/AKT/mTOR signaling is typi- –
cally increased in invasive cutaneous SCC, 
as suggested by IHC pAKT staining, and 
promotes proliferation and survival of 
neoplastic keratinocytes; however, classical 
cancer-associated mutations in this path-
way are rarely found in cutaneous SCC

   Activating mutations in   ° FGFR2 , 
 PIK3CA , or  AKT1  are rarely found, if 
ever, in skin SCC  
  Similarly, loss of function mutations in  °
 PTEN  (7%) are a relatively infrequent 
event     

  Similarly to the PI3K/AKT/mTOR path- –
way, the EGFR signaling pathway plays a 
signi fi cant role in cutaneous SCC patho-
genesis, but  EGFR  mutations are only 
rarely found in skin samples  
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  SCC exhibits a higher number of chromo- –
somal aberrations compared to BCC, which 
increase during the progression from AK to 
invasive cancers   
  Individual AK already show a substantial  –
number chromosomal aberrations, with recur-
rent LOH at 3p, 9p, 9q, 13q, 17p, and17q  
  Recurrent regions of LOH in SCC include  –
2q, 3p, 4p, 5q, 8p, 9p, 10p, 13q, 17p, and 17q

   The presence of recurrent regions of  °
LOH shared by AK and invasive SCC 
support the potential for AK to evolve 
into invasive SCC     

  Recurrent chromosomal gains in invasive  –
SCC involve 3q, 5p, 7p, 11q, 18q, 19p, and 
20q  
  Chromosomal losses involving the  –
 CDKN2A  locus on 9p21 are recurrent 
events in AK (20%) and SCC (30–50%), 
with a high rate of  CDKN2A  somatic muta-
tions observed in SCC (9–42%); loss of 
function of p16 and/or ARF may be 
involved in invasive transformation of AK  
  Recurrent gains and ampli fi cations of the  –
 cMYC  locus at 8q24 have been described in 
SCC, with MYC overexpression correlating 
with progression from AK to invasive SCC 
and loss of differentiation  
  KA show a lower degree of genomic insta- –
bility than SCC, with some tumors exhib-
iting no detectable genetic aberrations

   Recurrent chromosomal aberrations  °
include gains of 3q, 6p, 11q, 17p, and 
17q, and losses at 3p and 9p  
    ° HRAS  mutations seem to be more fre-
quent in KA than in SCC, being associ-
ated with gains of 11p  
  Differently from SCC, KA exhibit pres- °
ervation of p16 function as well as 
reduced BCL2 and high BAK expres-
sion in regressing lesions     

  Multiple KA (at times with sebaceous  –
differentiation) are a characteristic feature 
of MTS (see below)  
  The genetic cause of the autosomal domi- –
nant Ferguson–Smith syndrome, featuring 
multiple self-regressing KAs, was recently 
unraveled with the  fi nding of loss of function 
 TGFBR1  mutations

   Missense mutations in the same gene • 
may cause Marfan syndrome-related 
disorders characterized by developmen-
tal defects with vascular involvement but 
no reported predisposition to cancer        

  SCC, immunosuppression, and viral onco-• 
genesis

   Differently from the carcinogenetic  –
involvement of high risk mucosal HPVs 
in cervical cancer, the role of HPVs in 
cutaneous SCC is less established  
  In patients with epidermodysplasia verru- –
ciformis (EV) (Table  13.10 ), precursor 
pityriasis versicolor-like lesions and subse-
quent development of overt SCC on sun-
exposed skin have been unambiguously 
linked with infection by  b -HPVs  
  In addition, organ transplant recipients  –
(OTRs) are at markedly increased risk of 
developing SCC (signi fi cantly more than 
BCC) and numerous, extensive HPV-
induced warts which may undergo malig-
nant transformation  
  Because   – b -HPVs are very common and can 
persist for long time on normal skin, a 
causal relation between cutaneous SCC in 
immunocompetent patients and  b -HPVs 
has been hard to establish or refute

   Recent data from whole exomic sequenc- °
ing suggest that HPVs are simple 
passengers in sporadic SCC within the 
general population, without playing any 
causative role  
  Only one of 31 SCC evaluated showed  °
evidence of HPV transcripts (HPV92, a 
 b -HPV) and only at very low levels 
(0.0001% of total reads)  
  The study leaves open the hypothesis that  °
a HPVs may be involved in the initiation, 
but not the maintenance, of cutaneous 
SCCs:  b -HPVs antiapoptotic oncopro-
teins might prevent UV-induced apoptosis, 
UV-induced mutant keratinocytes to 
survive, and progress to carcinomas  
  Such type of hit and run mechanism  °
has been demonstrated in experimental 
systems (including progressions of 
BPV4-induced alimentary tract papil-
lomas to malignant carcinomas)     
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  OTRs exhibit a more than 50-fold increase  –
in incidence of cutaneous SCC

   In the pathogenesis of OTR-associated  °
SCC, a prominent role is played by 
the interaction of immunosuppression, 
chronic sun-exposure, and HPV infection  
  HPV DNA is found in approximately  °
70–90% of OTR-associated cutaneous 
SCC, including strains occurring in 
common benign cutaneous warts 
(HPV1 and HPV2), EV (HPV5 and 
HPV8), low risk oncogenic genital warts 
(HPV6 and HPV11), and high risk onco-
genic warts (HPV16 and HPV18)     

  However, recent data point to a signi fi cant  –
increased risk in OTRs undergoing cyclo-
sporine (CyA)-based immunosuppressive 
protocols

   By inhibiting calcineurin, CyA inhibits  °
NFATc1 translocation into the nucleus  
  As a consequence, ATF3 transcriptional  °
activity would become unrestrained, pre-
venting p53 from activating an effective 
oncogenic senescence response against 
aberrant growth signals, such as those 
induced by constitutively activated RAS  
  In advanced SCC, CyA may also favor  °
tumor progression by increasing TGF b  
signaling and promoting epithelial–
mesenchymal transition     

  CyA-sparing regimens, such as those  –
including rapamycin and related agents, 
could result in a signi fi cant reduction of 
SCC incidence among OTRs

   Rapamycin, temsirolimus, and eversiroli- °
mus may also antagonize cutaneous SCC 
development and progression by inhibit-
ing mTOR complex 1 downstream of 
EGFR, RAS, and PI3K/AKT signaling           

   Cutaneous Adnexal Neoplasms 

    The group of cutaneous adnexal tumors • 
includes a broad spectrum of entities, with 
complex nosology and different molecular 
bases. Hence, a comprehensive review of such 
category is beyond the aims and scope of 
this chapter    

   Trichoblastoma and Trichoepithelioma 

    De fi nition• 
   A benign adnexal tumor with basaloid cells  –
differentiating toward the hair germ

   Trichoepithelioma (TE), also known as  °
cribriform trichoblastoma (TB), is 
currently regarded as a subset of TB 
with more conspicuous follicular differ-
entiation (Table  13.11 )      

  Variants: trichogerminoma, lymphadenoma  –
cutis, trichoblastic  fi broma     

  Clinical features• 
   Solitary or multiple slow growing, asymp- –
tomatic papules or nodules  
  Predilection for the head and neck area,  –
particularly the central face  
  Most frequent neoplasm arising in nevus  –
sebaceous (followed by syringocystade-
noma papilliferum, trichilemmoma, and 
sebaceous adenoma)

   The overwhelming majority of alleged  °
“BCC developing in nevus sebaceous” 
in the past was TB        

  Pathologic features• 
   Well-circumscribed dermal proliferation of  –
basaloid cells with peripheral palisading 
but no cytological atypia  

   Table 13.11    Main histological differences between trichoblastoma (TB)  sensu stricto  and trichoepithelioma (TE) 
(cribriform TB)   

 TB  TE 

 Large nodules deep in the dermis  Smaller and more super fi cial 
 Tightly packed nodules of basaloid cells  Small clusters, strands, and cords of basaloid cells 
 No cornifying cysts  Super fi cial keratinous cysts, with infundibular or isthmic differentiation 
 Absent to rare papillary mesenchymal bodies  Frequent papillary mesenchymal bodies 
 Frequent mitoses  Rare mitoses 
 Predominance of epithelial component  Prominent peritumoral stroma 



292 A. Saggini and B. Bastian

  Dense  fi brocytic stroma surrounding the  –
tumor  
  Clefting between peritumoral and normal  –
stroma, not between tumor islands and sur-
rounding stroma as observed in BCC  
  Papillary mesenchymal bodies: rudimen- –
tary follicular papillae with basaloid cells 
engirdling primitive mesenchyme, immu-
noreactive for CD10 and CD34   
   Occasional signs of sebaceous and/or apo- –
crine differentiations, re fl ecting the com-
mon origin of structures belonging to the 
folliculosebaceous apocrine unit  
  Often, increased number of CK20-positive  –
Merkel cells and/or S100-positive melano-
cytes within the tumor  
  Basaloid cells positive for CK15 and CK19;  –
faint expression or negativity for Ber–EP4, 
BCL2, and androgen receptors may help in 
the distinction with BCC     

  Molecular features• 
   The pathogenesis of several cases of mul- –
tiple familial trichoepithelioma (MFT)-
associated TE has been linked to  CYLD  
inactivating mutations (see below)  
  No   – PTCH1  mutations have been found in 
either TB or TE, although LOH 9q22.3 was 
reported in almost 50% of sporadic TE     

  Desmoplastic trichoepithelioma• 
   Benign adnexal tumor classi fi ed as a vari- –
ant of TE, but exhibiting distinct clinico-
pathological features  
  A solitary,  fi rm, pink–reddish papule or  –
plaque with central dell, resembling mor-
pheaform BCC  
  Predilection for the face of adult females   –
  Histopathologically, super fi cial proliferation  –
of pale basaloid cells arranged in thin strands; 
keratinous microcysts with isthmic or 
infundibular differentiation; sclerotic stroma 
with occasional foci of granulomatous reac-
tion; absence of ductal differentiation  
  Several IHC markers, including androgen  –
receptors, CD20, NGFR/p75, and familial 
adenomatous polyposis (FAP), have been 
proposed to aid in the differential diagnosis 
with sclerosing BCC but are not universally 
accepted        

   Cylindroma and Spiradenoma 

    De fi nition• 
   Two types of cutaneous adnexal neoplasms  –
with follicular apocrine differentiation 
often showing overlapping features and 
probably representing two ends of a com-
mon clinicopathological spectrum  
  Multiple cylindromas and spiradenomas,  –
together with TE, may be observed in 
Brooke–Spiegler syndrome (BSS) 
(Table  13.12 ); familial cylindromatosis 
(FC) and MFT are allelic to BSS      

  Clinical features• 
   Cylindromas and spiradenomas present as  –
slow growing, skin-colored to erythema-
tous dermal papules or nodules, with predi-
lection for the head and neck region and the 
upper trunk

   Spiradenomas may be distinguished by  °
bluish color and paroxysms of localized 
pain  
  Glabrous surfaces of the skin are always  °
spared     

  Multiple cylindromas and spiradenomas,  –
together with TE, may be observed in BSS 
(Table  13.12 ); FC and MFT are allelic to BSS     

  Pathological features• 
   Cylindromas are characterized by a dermal  –
proliferation of closely set epithelial lob-
ules arranged in a “jigsaw pattern”

   In each lobule, peripheral basaloid cells  °
surround larger pale cells; ductal differ-
entiation is possible  
  Lobules are surrounded by prominent  °
eosinophilic PAS-positive basement 
membrane material and exhibit eosino-
philic PAS-positive globules within them     

  Spiradenomas present as well-circum- –
scribed epithelial nodules in the dermis

   The two cell populations typical of  °
cylindroma are intermixed in nodules of 
spiradenoma, together with numerous 
scattered lymphocytes  
  Occasional ductal and/or cystic structures   °
  The association between spiradenomas  °
and BSS further supports an apocrine 
rather than eccrine nature     
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  Hybrid tumors with intermediate features  –
between cylindroma and spiradenoma may 
often be seen (“cylindrospiradenomas”)  
  Malignant transformation of preexisting  –
lesions into cylindrocarcinoma, spiradeno-
carcinoma, and BCC is an uncommon but 
possible occurrence     

  Molecular features• 
   Biallelic inactivation of the   – CYLD  tumor 
suppressor gene is typical of BSS- and 
FC-associated neoplasms and frequent also 
in sporadic lesions (Table  13.12 )

   CYLD is a deubiquitinating enzyme  °
that removes lys63-linked ubiquitin 

chains and acts as a negative regulator 
of NFкB. Inactivating mutations of 
CYLD enhances activation of the tran-
scription factor NFкB     

  Presence of   – MYB–NFIB  fusion transcripts 
and/or MYB nuclear expression was found 
in 67% of sporadic cylindromas

   The   ° MYB–NFIB  fusion oncogene is 
found in a large proportion of adenoid 
cystic carcinomas of the breast and head 
and neck, neoplasms whose histological 
features resemble cylindromas  
  Additional fusion oncogenes which may  °
be shared by salivary gland neoplasms 

   Table 13.12    Brooke–Spiegler syndrome (BSS) and the CYLD protein   

 BSS is an autosomal dominantly inherited syndrome predisposing to multiple cylindromas, spiradenomas, and 
trichoepithelioma (TE) 
 Clinical features include: 
   Progressive development of multiple cylindromas (favoring the scalp), spiradenomas, and/or TE (preferentially 

arising on the central face) 
  Initial presentation typically in the second decade 
  Penetrance increases with age, but some carriers remain free of clinically detectable lesions 
  Marked phenotypical variability regarding both clinical and histological  fi ndings 
   Involvement of trunk and genital regions and development of neoplasms around puberty, point to a signi fi cant role 

for hormonal factors rather than UV irradiation 
 Histopathologically, BSS-associated neoplasms do not differ from their sporadic counterparts 
 Up to 88% of BSS, familial cylindromatosis, and multiple familial trichoepithelioma individuals carry germline 
inactivating mutations of the  CYLD  gene on 16q12.1 
   To date, 59 unique  CYLD  germline mutations have been reported, including frameshift, nonsense, missense, 

splice-site mutations 
   BSS-associated  CYLD  mutations are restricted to exons 9–20, with over 75% concentrated in exons 16–20; exons 

4–8 are retained, resulting in a truncated protein lacking the C terminal catalytic region (CYLD m ) 
  The expression of  CYLD   m   may have a dominant negative effect 
 The remaining wild type CYLD allele is inactivated in neoplasms by somatic deletion, mutation, or LOH 
  CYLD  encodes the ubiquitin (Ub) carboxyl-terminal hydrolase CYLD 
 CYLD is a widely expressed, constitutive active deubiquitinase (DUB) belonging to the class of Ub-speci fi c proteases 
(USP) 
 CYLD preferentially removes Lys-63-linked rather than Lys-48-linked Ub chains 
   Polyubiquitination through Lys-63 controls nonproteolytic events in DNA repair, endocytosis, and kinase-mediated 

signaling responses 
 CYLD DUB activity results in speci fi c effects on multiple pathways, including: 

  Inhibition of the “classical” NF k B pathway through interaction with TRAF2, TRAF6, TRIP, and NEMO/IKK g  

  Inhibition of the “alternative” NF k B pathway by negative regulation of the BCL3–p50/p52–cyclin D1 axis 
  Inhibition of the JNK/AP1 pathway through inhibition of MKK7/JNKK2, c-Jun, and c-Fos 
  Inhibition of the p38MAPK pathway by interaction with TAK1 
  Inhibition of the canonical Wnt pathway by deubiquitinating Dvl on its DIX polymers 
  CYLD  has emerged as a tumor suppressor gene in several types of human cancer 
   Depending on the setting, alteration of CYLD expression is achieved through different mechanisms, including 

genetic aberrations, transcriptional repression, phosphorylation, and ubiquitination 
   CYLD  transcriptional repression in melanoma correlates with increased BCL3 nuclear activity and worse prognosis 
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and adnexal tumors include the  CRTC1–
MAML2  and  EWSR1–POU5F1  tran-
scripts, reported in both salivary 
mucoepidermoid carcinomas and cuta-
neous hidradenomas           

   Pilomatricoma 

    De fi nition• 
   A benign adnexal neoplasm characterized  –
by follicular differentiation towards the 
hair matrix  
  Synonyms: pilomatrixoma, calcifying epi- –
thelioma of Malherbe     

  Clinical features• 
   Solitary pink–bluish dermal nodule or cyst  –
on nonglabrous skin, especially head and 
neck region  
  Typically  fi rm consistency, related to  –
 fi brosis and calci fi cation  
  Usually asymptomatic, but in fl ammation  –
and erythema may occur  
  Predilection for children and young adults,  –
but may occur at any age  
  Multiple lesions may be idiopathic (spo- –
radic or familial), or occur in association 
with Gardner syndrome ( APC  mutations) 
or Sotos syndrome (nuclear receptor-bind-
ing SET domain containing protein ( NSD1 ) 
gene mutations)     

  Pathologic features• 
   Well-circumscribed, nodulocystic epithe- –
lial tumor in the dermis  
  Two cell populations with matrical  –
differentiation

   Basaloid cells often with mitoses at the  °
periphery  
  Eosinophilic cells with residual outlines  °
of nuclei (shadow cells) in the center  
  Transition between the two cell popula- °
tions is often abrupt; at times, transi-
tional cells with intermediate features 
and trichohyalin granules may be 
observed  
  Varying degree of calci fi cation, and even  °
ossi fi cation, granulomatous in fl ammatory 
reaction and  fi brosis     

  Basaloid cells show prominent nuclear  –
expression of  b -catenin, but stain nega-
tively for CK15 and SOX9     

  Molecular features• 
   Pilomatricomas are characterized by  –
increased  b -catenin transcriptional activity 
and canonical Wnt signaling activation  
  Activating mutations in exon 3 of the  –
 CTNNB1  gene, encoding  b -catenin, have 
been identi fi ed in 25–100% of sporadic 
pilomatricomas  
  Reported exon 3   – CTNNB1  mutations disrupt 
 b -catenin phosphorylation by the axin/APC/
GSK3 b /CKI a  complex required for its 
destruction and promote its nuclear localiza-
tion, leading to constitutive Wnt signaling

   Gardner syndrome, which frequently  °
features pilomatricomas and/or epider-
mal cysts with matrical changes, is a 
FAP variant; FAP-associated  APC  muta-
tions lead to  b -catenin stabilization     

    – CTNNB1  mutations may be relatively 
speci fi c for matrical differentiation

   Sporadic BCCs with foci of matrical dif- °
ferentiation harbored  CTNNB1  mutations  
  Activating   ° CTNNB1  mutations have been 
found in craniopharyngiomas, amelo-
blastomas, and calcifying odontogenic 
cysts, neoplasms which all may feature 
the abrupt transition between peripheral 
basaloid cells and central eosinophilic 
cells with shadow cells differentiation        

  Pilomatrical carcinoma• 
   Pilomatrical carcinoma is a rare, low grade  –
carcinoma distinguished by matrical differ-
entiation and high propensity for recurrence  
  The mutation spectrum of   – CTNNB1  is sim-
ilar to pilomatricoma

   Recurrence of a pilomatricoma has been  °
related to increased risk of malignant 
transformation     

  Pilomatrical carcinomas show a signi fi cant  –
predilection for adults and chronically sun-
damaged skin and are rare in children  
  Pathological features favoring a diagnosis  –
of pilomatrical carcinoma include presence 
of bona  fi de necrosis, marked nuclear pleo-
morphism, or in fi ltrative growth        
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   Sebaceous Adenoma and Sebaceoma 

    De fi nition• 
   Sebaceous adenoma (SA): a benign neo- –
plasm of the sebaceous gland  
  Sebaceoma (synonym: sebaceous epithe- –
lioma; SE): a proposed variant of SA charac-
terized by a predominance of undifferentiated 
seboblastic cells over mature sebocytes     

  Clinical features• 
   Asymptomatic, frequently lobulated pap- –
ule or nodule, skin-colored to yellowish  
  Predilection for adults and for the head and  –
neck region  
  Multiple lesions, at times with a cystic  –
appearance, may arise in the setting of MTS

   Presence of any sebaceous neoplasm  °
(either benign or malignant), but not 
sebaceous hyperplasia, should raise sus-
picion of MTS (see below for additional 
diagnostic approaches)        

  Pathological features• 
   Well-circumscribed dermal tumor, with  –
lobulated con fi guration typically emanat-
ing from the undersurface of the epidermis 
and comprised of two cell populations in 
variable proportion, mature sebocytes (usu-
ally prevailing toward the center) and 
undifferentiated basaloid seboblasts (more 
abundant at the periphery)

   Cystic lesions are more commonly asso- °
ciated with MTS     

  Mitotic  fi gures may be observed in sebo- –
blasts, but no cytologic atypia or necrosis 
are found

   SA   ° sensu stricto  are characterized by more 
super fi cial location, smaller size, signi fi cant 
predominance of sebocytes, and multiple 
peripheral layers of seboblasts  
  SE feature deeper, larger proliferation  °
of seboblastic cells (>50%), with foci of 
sebocytic differentiation  
  Lesions with intermediate features may  °
be observed indicating that SA and SE 
represent a spectrum     

  Helpful IHC markers in the differential  –
diagnosis include:

   Adipophillin (membranous labeling of  °
intracytoplasmic globules) is the most 

sensitive and speci fi c marker of sebo-
cytic differentiation  
  CK7 preferentially stains the seboblas- °
tic population  
  The combination of cytoplasmic EMA  °
positivity and lack of Ber–EP4 expres-
sion may aid in the distinction between 
SE and BCC     

  Complete loss of nuclear immunoreactivity  –
for MLH1, MSH2, or MSH6 in lesional tis-
sue may be employed as a surrogate for 
PCR-based assessment of mismatch repair 
(MMR) defects and microsatellite instabil-
ity (MSI) (see below)     

  Molecular features• 
   Sebaceous neoplasms can be associated  –
with MTS or somatically acquired MSI 
(see below)

   Depending on the study, MSI was  °
detected in 25–100% of sebaceous neo-
plasms, while was rare in other skin neo-
plasms. It can be due to MTS or somatic 
alterations of the mismatch repair sys-
tem and has been reported to be more 
frequent in tumors arising outside the 
head and neck area and in benign than 
malignant sebaceous tumors     

  Approximately one-third of SA/SE have  –
somatic mutations in LEF1 at 133 G > A, in 
exon 1

   The causative double-nucleotide substi- °
tution results in a dominant negative 
LEF1 protein with impaired interaction 
with  b -catenin, hampering  b -catenin 
transcriptional activity  
  Expression of a functionally analogous  °
LEF1 mutant protein in  K14 D NLef1  trans-
genic mice led to development of cutane-
ous tumors with sebaceous differentiation  
  Expression of the mutant LEF1 protein  °
in follicular stem cells/seboblasts results 
in decreased canonical Wnt signaling 
and increased PPAR g  and IHH signal-
ing, promoting sebaceous differentia-
tion and proliferation        

  Sebaceous carcinoma (SC)• 
   Malignant counterpart of SA/SE   –
  Two clinicopathological subsets are con- –
ventionally recognized:
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   Periorbital SC, representing almost  °
three quarters of SC  
  Extraocular SC      °

  Nondescript appearance, frequently with  –
rapid growth and possible ulceration

   Initial misdiagnosis of periorbital SC as  °
chalazion may hinder timely treatment     

  High propensity for local recurrence and, if  –
treatment is delayed, signi fi cant risk of 
nodal and visceral metastases

   The conventional notion that extraocu- °
lar SC behaves more aggressively than 
cutaneous forms has been questioned 
and may be artifactual     

  Histopathologically, distinctive features are  –
in fi ltrative growth, seboblasts with cyto-
logic atypia and frequent necrosis, irregular 
areas of sebocytic differentiation

   Intraepidermal, pagetoid spread of pale  °
malignant cells is a frequent occurrence 
in periorbital SC     

  High nuclear Ki67 and p53 staining may  –
help in establishing the malignant nature of 
any sebaceous neoplasm        

   Muir–Torre Syndrome 

    De fi nition• 
   An autosomal-dominant hereditary cancer  –
syndrome clinically de fi ned by the associa-
tion of skin tumors (sebaceous neoplasms 
[SA/SE/SC] and/or multiple KA) and vari-
ous internal cancers (Table  13.13 ) 

   MTS is currently regarded as a clinico- °
pathological subset (1–3%) of the 
 hereditary nonpolyposis colorectal car-
cinoma syndrome (HNPCC, Lynch 
syndrome)        

  Clinical features• 
   High penetrance, if also familial cases of  –
HNPCC are included  
  KA may occur in up to 20% of patients  –
with MTS, regardless of development of 
sebaceous tumors

   Hybrid tumors with histologic features  °
of both KA and sebaceous neoplasms 
(“seboacanthomas”) are rare but appear 
to be highly speci fi c for MTS     

  The spectrum of MTS-associated visceral  –
malignancies is broad, including colorec-
tal, genitourinary, breast, hematological, 
and upper gastrointestinal neoplasms

   Almost half of MTS patients are thought  °
to develop at least two internal 
malignancies  
  Incidence of speci fi c cancers does not  °
overlap with what observed in Lynch 
syndrome  
  Similarly to HNPCC-associated malig- °
nancies, both internal and cutaneous neo-
plasms occurring in MTS patients tend to 
show a less aggressive behavior than spo-
radic counterparts     

  In a signi fi cant proportion of MTS patients,  –
the occurrence of skin tumors precedes 
(22–32%) or accompanies (9–12%) the 
diagnosis of visceral internal malignancy

   Prompt recognition of a newly devel- °
oped sebaceous neoplasm may lead to 
early diagnosis of MTS-associated vis-
ceral neoplasms     

  Cases have been reported of latent MTS  –
phenotype being unmasked by immunosup-
pressive therapy with calcineurin inhibitors 
(CNI), leading to development of sebaceous 
neoplasms

   Sebaceous hyperplasia is a known  °
 side-effect of CNI-based systemic 
immunosuppression     

  Apposite clinical guidelines have been sug- –
gested for establishing a diagnosis of 
HNPCC (Amsterdam II criteria) and for 
identifying tumors with MSI (revised 
Bethesda criteria)

   Compared to the Amsterdam II criteria,  °
the revised Bethesda criteria are charac-
terized by increased sensitivity but lower 

   Table 13.13    Suggested clinical criteria for a diagnosis 
of Muir–Torre syndrome (MTS)   

 [1] Visceral malignancy + [2] Any sebaceous neoplasm 
of the skin (SA, SE, SC, or KA with sebaceous 
differentiation) 
 –OR–– 
 [1] Multiple visceral malignancies+[2] Multiple 
KA+[3] Family history of MTS 

    SA  sebaceous adenoma;  SE  sebaceoma;  SC  sebaceous 
carcinoma;  KA  keratoacantoma  
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positive predictive value for MMR ger-
mline mutations        

  Pathological features• 
   MTS-related sebaceous lesions more fre- –
quently show KA-like changes and/or 
increased tumor-in fi ltrating lymphocytes, 
whereas the alleged association with a cys-
tic architecture has been questioned     

  Molecular features• 
   Approximately two-thirds of both MTS  –
and HNPCC cases are associated with 
hereditary MMR defects and MSI in both 
visceral and cutaneous neoplasms

   As a general rule, neoplasms in individ- °
uals with heterozygous mutations in 
MMR genes show inactivation of the 
healthy allele by somatic inactivation 
via genetic or epigenetic     

  The mutation spectrum of MTS differs from  –
that in HNPCC. Approximately 90% of 
MTS cases exhibiting MSI have been linked 
to  MSH2  mutations, with only a minority 
(@10%) related to  MLH1  mutations;  MSH6  
mutations are rare but  MSH3 ,  PMS1 , or 
 PMS2  mutations have not been reported

   MSI-associated sebaceous neoplasms  °
occur in a  MSH2 -de fi cient mouse model     

  30–40% of MTS and Lynch syndrome cases  –
show no relation with inherited MMR genes 
defects;  MYH  hereditary biallelic mutations 
may account for a proportion of such cases

   MYH protein is a adenine-speci fi c gly- °
cosylase involved in the BER system  
  The two most common (>80%) inacti- °
vating  MYH  mutations in the Caucasian 
kindreds are Y165C and G382D  
  Homozygous or compound heterozy- °
gous germline mutations to  MYH  have 
been linked to both (1) an attenuated or 
classic FAP phenotype lacking  APC  
germline defects ( MYH -associated poly-
posis), and (2) a MMR-independent 
HNPCC phenotype  
  Biallelic   ° MYH  germline mutation carri-
ers are at increased risk of gastrointesti-
nal, ovarian, and bladder neoplasms  
  Recently, MSS–MTS cases, character- °
ized by retained expression of MMR 
proteins in associated sebaceous neo-

plasms, were associated with biallelic 
 MYH  germline inactivation     

  Loss of FHIT expression may be relevant  –
for the genesis of sebaceous neoplasms in 
the setting of MSS–MTS

     ° Fhit  +/−  transgenic mice developed a 
MTS-like phenotype after intragastric 
administration of NMBA, including 
gastroenteric and sebaceous neoplasms  
  Periocular SC in patients with MSS–MTS  °
showed loss of immunoreactivity of 
FHIT, secondary to somatic inactivation 
by genetic or epigenetic mechanisms  
  FHIT plays a critical role in the response  °
to cellular stress and may exert a repres-
sive effect on  b -catenin transcriptional 
activity        

  MTS screening methods• 
   Any newly diagnosed sebaceous neoplasm  –
(SA/SE/SC) could be the presenting sign of 
MTS and should be followed by appropri-
ate investigations, although no de fi nite 
agreement has been reached regarding 
MTS screening algorithm  
  A detailed family history of internal malig- –
nancy should be always obtained  
  IHC staining for MLH1, MSH2, and MSH6  –
is a  fi rst-line cost-effective option for eval-
uating the functional competence of the 
MMR system in lesional tissue from any 
sebaceous neoplasm

   MLH1 and MSH2 form functional, sta- °
bilizing complexes with PMS2 and 
MSH6, respectively; MLH1 and MSH2 
are required constituents of the com-
plexes, whereas a isolated lack of PMS2 
or MSH6 can be partially compensated 
by PMS1 and MSH3, respectively  
  Results of IHC staining for MMR proteins  °
can guide subsequent genetic analyses 
(i.e., absence of MSH6 nuclear expression 
without loss of IHC staining for MSH2 
points to a selective defect of MSH6)  
  Combined evaluation of MLH1/MSH2/ °
MSH6 nuclear expression by IHC has 
been shown to be a highly sensitive (92%), 
speci fi c (95%), and reproducible test with 
rapid turnaround time and very good cor-
relation with MSI status, as measured by 
conventional PCR-based methods     
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  Lesional MSI can be assessed at a genetic  –
level evaluating the Bethesda markers of 
 fi ve speci fi c microsatellites (BAT25, 
BAT26, D2S123, D5S346, and D17S250)

   MSI-H is de fi ned as detection of MSI in  °
at least two Bethesda markers  
  Genetic analysis of MSI is considered  °
less cost-effective and does not provide 
any information about speci fi c MMR 
protein defects     

  Any positive result of IHC and/or MSI genetic  –
testing, especially if supported by additional 
anamnestic and/or clinicopathological clues 
for MTS, should warrant genetic investiga-
tion for MMR germline defects         

   Merkel Cell Carcinoma 

    De fi nition• 
   A rare, highly aggressive skin neoplasm of  –
epithelial and neuroendocrine differentia-
tion, presumed to derived from cutaneous 
Merkel cells (Table  13.14 )   
  Synonyms: primary neuroendocrine carci- –
noma of the skin, primary cutaneous small 
cell carcinoma     

  Clinical features• 
   Most common in white males in their sev- –
enth to eighth decades  
  Increased incidence, early onset, and more  –
aggressive behavior are seen in immuno-
suppressed patients (HIV-infection, HSC 
or solid organ transplantation, chronic lym-
phocytic leukemia, and lymphomas)  
  Predilection for chronically sun-damaged  –
skin (head, neck, extremities), suggesting 

that UV exposure plays a role in Merkel 
cell carcinoma (MCC) development  
  Typical presenting as a painless, solitary,  –
pink–purple nodule, which rapidly grows 
over a period of weeks  
  MCC clinical features are summarized by  –
the acronym AEIOU (Table  13.15 ) 

   Up to 89% met three or more of the  °
AEIOU criteria in one study     

  MCC age-adjusted incidence in the USA  –
tripled between 1986 and 2001 up to 4 
cases/10 6 /year

   Factors accounting for the rise in MCC  °
incidence include increased UV light 
exposure, rising elderly and immuno-
suppressed populations, progresses in 
immunodiagnostic techniques     
  MCC 2-year mortality rate is 28%  –
higher than that recorded in melanoma     

  Pathologic features• 
   Typically a highly cellular, strongly baso- –
philic, asymmetric dermal-based tumor, 
with frequent subcutaneous extension but 
sparing of epidermis, papillary dermis, and 
adnexa; occasionally, an intraepidermal 
component may be observed  
  The intermediate variant is the most com- –
mon: monotonously uniform cells with 
dense round nuclei and typical nuclear 

   Table 13.14    The Merkel cell lineage   

 Merkel cells are postmitotic, slowly adapting mechanoreceptor cells belonging to the APUD system 
 Merkel cells preferentially reside in specialized epithelial structures in the interfollicular nonglabrous epidermis, the 
so-called touch domes (TDs) 
 Bona  fi de TDs markers are Tbc1d10c and CD200 
 Rare Merkel cells are found in human epidermis outside of TDs; their number increases in response to sun-exposure 
 Several murine lineage-tracing models demonstrated that Merkel cells are derived from asymmetric cell division of 
specialized K14-positive basal keratinocytes rather than from neural crest cells 
 Merkel cells epithelial progenitors are found in the TDs of adult skin and can give rise to both the neuroendocrine 
and squamous epidermal lineages 

   Table 13.15    The AEIOU acronym for clinical diagnosis 
of Merkel cell carcinoma   

 A—Asymptomatic/lack of tenderness 
 E—Expanding rapidly (doubling in <3 months) 
 I—Immunosuppression 
 O—Older than 50 years 
 U—UV-exposed sites 
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chromatin (“salt and pepper”) pattern; 
sparse cytoplasm with paranuclear plaques 
consisting of intermediate  fi laments; dif-
fuse and/or nested pattern of growth; high 
mitotic activity along with frequent single 
apoptotic cells and/or necrotic areas  
  Additional histologic subtypes, without  –
clinical signi fi cance, include the small cell 
variant (small round cells with very scant 
cytoplasm and hyperchromatic nuclei) and 
the trabecular variant (polygonal cells with 
abundant cytoplasm in a trabecular or rib-
bon-like arrangement)  
  Rarely, expression of squamoid, adnexal,  –
or melanocytic differentiation and/or asso-
ciation with SCC, BCC, or melanoma  
  IHC plays a key role in MCC diagnosis –

   Conventional IHC pro fi le is CK7-negative/ °
CK20-positive (with CK20 expressed in a 
characteristic paranuclear dot-like pat-
tern), but double-positive, double-nega-
tive, and CK7-positive/CK20-negative 
cases have been documented  
  Additional IHC markers may include  °
CAM5.2, AE1/AE3, neural (CD56, 
neuro fi lament, NSE) and neuroendocrine 
(synaptophysin, chromogranin) markers, 
CD99, CD117, and TdT  
  Differential diagnosis with clinicopatho- °
logical mimickers may be aided by neg-
ativity for TTF1, MASH1, CDX2, S100, 
and CD45/LCA  
  Nuclear expression of Merkel cell poly- °
omavirus (MCPyV) T-Ag in MCPyV-
positive MCC cases (see below)  
  IHC markers which may be associated  °
with more aggressive behavior and poor 
clinical outcome include expression of 
at least one of the p63 isoforms, expres-
sion of p53, high proliferative index 
(Ki67/MIB1)     

  Beginning in late 2009, a new consensus  –
AJCC/IUAC staging system was adopted     

  Molecular features• 
   Before the discovery of MCPyV, the patho- –
genesis of MCC was largely unclear  
  Merkel cells share similar IHC features  –
with MCC cells and are the only cutaneous 

cells forming electron-dense neurosecre-
tory granules; it has been postulated (but 
never proved) that MCC arise from Merkel 
cells  
  Neither   – PDGFRA  nor  cKit  activating muta-
tions have ever been detected in MCC; cKit 
expression does not correlate with aggres-
sive behavior; cKit and PDGFR inhibitors 
(imatinib mesylate) failed to show effec-
tiveness in patients with advanced cKit-
positive MCC  
  The MAPK pathway appears to be largely  –
inactive in MCC; no  BRAF  mutations have 
ever been detected in MCC  
  PTEN expression is signi fi cantly reduced  –
in MCC; heterozygous losses including 
chromosome 10q23 frequently occur in 
MCC  
  Inhibition of apoptosis may play a critical  –
role in MCC pathogenesis, as suggested by 
overexpression of BCL2 and survivin  
  Losses at 13q including the   – RB  locus appear 
infrequent, while dysregulation of the p14/
ARF–MDM2–p53 pathway seems to be 
relevant in MCC; mutations in  TP53  occur 
in approximately 20% of MCC cases, often 
carrying a “UV signature”; silencing by 
methylation at the  p14/ARF  promoter (but 
not at the  p16/INK4a  promoter) was 
observed in 40% of cases     

  MCPyV and MCC• 
   Given the increased risk for MCC observed  –
with immunosuppression, MCC was a 
prime cancer candidate for a viral cause  
  The 5,387 bp DNA genome of a novel  –
human polyomavirus, called MCPyV 
(Table  13.16 ), was identi fi ed by digital tran-
scriptome subtraction technique from MCC   
  MCPyV DNA was originally found to be  –
clonally integrated in the tumor genome of 
approximately 80% of MCC  
  MCPyV DNA prevalence in MCC speci- –
mens by PCR has been variably reported 
between 43% and 100% in different studies  
  Obstacles to proving a link between MCPyV  –
and MCC are the relative infrequency of 
MCC, the near-ubiquitous diffusion of asymp-
tomatic MCPyV infection in the  general 
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 population, and the existence of MCPyV-
negative subset of MCC, whose pathogenesis 
is unrelated to MCPyV infection  
  Incidental low level infection is frequently  –
found in non-MCC skin (either healthy or 
not) and other human tissues, characterized 
by episomal structure and low load of 
MCPyV genome  
  Multiple evidence support a role of MCPyV  –
in MCC pathogenesis, with MCPyV infec-
tion and genomic integration occurring prior 
to MCC clonal expansion and progression  
  MCPyV DNA is clonally integrated in most  –
of MCPyV-positive MCC, with primary 
MCPyV-positive MCC and corresponding 
metastases showing identical integration 
sites in individual patients  
  In MCPyV-positive MCC, the T-Ag is  –
expressed in tumor cells but not in healthy 
surrounding tissues; LT-Ag nuclear expres-
sion by IHC is strongly associated with 
MCPyV DNA detection by qPCR and 
DNA sequencing, potentially representing 
an effective and practical method to iden-
tify MCPyV-positive MCC  
  A minority of MCPyV-positive MCC har- –
bors <0.1 viral DNA copies per one copy of 

reference gene and lacks of LT-Ag expres-
sion, exhibiting additional clinicopatho-
logical features typical of MCPyV-negative 
MCC; possible explanations are an inci-
dental, passenger infection by MCPyV or 
progression to a MCPyV-independent sta-
tus (hit and run model, such as described in 
animal models of polyomavirus-induced 
oncogenesis)  
  Deletion mutations, found only in tumor- –
derived MCPyV, impair viral permissivity, 
revealing a strong selective pressure to silence 
independent and unlicensed DNA replication 
from the integrated viral genomes

   In most cases, the C terminal origin- °
binding, the helicase, and the p53-bind-
ing domains are lost due to deletion 
mutations, while the nuclear localiza-
tion signal (NLS) and the N terminal 
RB-binding (LXCXE motif) domain are 
retained  
  The sT-Ag and its putative PP2A inter- °
action domain remain unaffected by 
MCC-speci fi c mutations, potentially 
playing further oncogenic activity     

  Disruption of RB function by LT-Ag  –
appears critical for sustained MCC growth, 

   Table 13.16    The  Polyomaviridae  family   

 Small, nonenveloped double-stranded DNA viruses with icosahedral capsids, infecting multiple species 
 In addition to MCPyV, four polyomaviruses are known to naturally infect humans: 
  JCV (linked to AIDS-associated progressive multifocal leukoencephalopathy) 
  BKV (associated with nephropathy after renal transplantation) 
  KIV 
  WUV 
 Phylogenetically, JCV, BKV, KIV, and WUV appear to group with the SV40 polyomavirus; MCPyV is more closely 
related to the murine polyomavirus 
 Natural history of HPV infections is largely unknown; common features include routes of transmission (respiratory 
and fecal–oral), high prevalence in the general population, seroconversion occurring in the  fi rst decades of life, and 
latency establishment 
 Polyomaviruses share conserved early, late, and noncoding regulatory (NCRR) regions 
 Early tumor (T) antigens (LT-, 57kT-, and sT-Ag) are generated through alternative splicing and play key roles in viral 
replication and tumorigenesis 
 Large T (LT)-Ag possesses helicase activity unwinding the viral replication origin, and promotes the early to late 
switch in gene expression 
 Small T (sT)-Ag is expressed after LT-Ag and cooperates with the latter for optimal viral replication 
 Viral capsid proteins (VP1 and VP2) encoded by the late region self-assemble in virus-like particles inside infected 
cells 
 Although the SV40 virus, which infects the rhesus macaques, can induce tumor formation in experimentally infected 
hamsters, MCPyV was the  fi rst polyomavirus for which strong evidence supports a causal role in human cancer 



30113 Molecular Pathology of Cutaneous Melanoma and Nonmelanoma Skin Cancer

without requirement for additional RB 
phosphorylation  
  Only MCPyV-positive cell lines, but not  –
MCPyV-negative cell lines, are “addicted” 
to MCPyV T-Ag expression  
  UV radiation may promote MCPyV- –
mediated MCC oncogenesis through 
upregulation of MCPyV sT-Ag expression 
in infected keratinocytes, induction of 
immunosuppression, and mutagenesis 
leading to MCC-speci fi c T-Ag mutations  
  The general population is often seroposi- –
tive for circulating anti-VP1 antibodies, 
which have limited potential as markers for 
MCC; conversely, anti-T-Ag antibodies, 
which are only rarely detected among 
MCPyV-negative MCC patients and healthy 
controls, strongly correlate with MCPyV-
positivity as well as tumor burden in MCC 
patients; further studies are required to test 
their potential as MCC markers  
  Studies aiming to determine potential clini- –
copathological correlations between MCC 
and MCPyV status have provided 
con fl icting results

   Patients with MCPyV-positive MCC  °
seem to exhibit better MCC-speci fi c and 
overall survival than patients with 
MCPyV-negative MCC; LT-Ag expres-
sion in MCC by IHC may predict 
improved prognosis  
  MCPyV-positivity appears to be associ- °
ated with the CK7-negative/CK20-
positive phenotype by IHC  
    ° TP53  mutations and p53 overexpression 
by IHC are associated with absence of 
MCPyV DNA, pointing to a role of p53 
in MCPyV-negative MCC tumorigenesis           

   Dermato fi brosarcoma Protuberans 

    De fi nition• 
   A locally aggressive sarcoma of intermedi- –
ate malignant behavior and controversial 
histogenesis, characterized by frequent local 
recurrence but low metastatic potential     

  Clinical features• 
   Most common in young to middle-aged  –
adults, but can occur at any age; congenital 
cases have been described  
  Predilection for the shoulder and pelvic  –
girdles, trunk, proximal extremities  
  Onset typically as a skin-colored or red– –
brownish  fi rm plaque or nodule, with a 
scar-like appearance; at time resembling a 
vascular malformation  
  Slow, progressive, poorly de fi ned growth,  –
often reaching several centimeters in size; 
multinodular morphology in advanced 
stages  
  20–50% rate of local recurrences after sur- –
gical excision, but only rare risk for nodal 
or visceral metastases (less than 5%); wide 
local excision or micrographic surgery are 
mandatory to reduce risk of local 
recurrence     

  Pathologic features• 
   Poorly circumscribed proliferation of small  –
wavy to spindled cells in the deep dermis, 
displaying a monotonous storiform pattern  
  Neoplastic cells exhibit uniform cytologi- –
cal features, with scant cytoplasm, mild 
degree of pleomorphism, and only few 
mitoses  
  Striking tendency to invade the subcutane- –
ous adipose tissue, initially along the adi-
pose septa, later in a diffuse multilayered 
(honeycomb) pattern  
  IHC positivity for CD34 (80–90% of cases)  –
and apoD; negative staining for fXIIIa, 
S100, CD31, and SMA  
  Several histopathologic variants exist: pig- –
mented dermato fi brosarcoma protuberans 
(DFSP)/Bednar tumor (characterized by 
scattered S100-positive, CD34-negative 
melanocytes colonizing the neoplasm), 
myxoid DFSP, atrophic DFSP, granular cell 
DFSP, and palisading DFSP  
  Occasionally, areas of dedifferentiation  –
resembling  fi brosarcoma (DFSP–FS) or, 
more rarely, pleomorphic high grade sar-
coma (DFSP–PleoSarc); these changes 
carry an increased risk of metastases  
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  DFSP may show giant cell  fi broblastoma  –
(GCF)-like areas; DFSP may recur as GCF, 
and vice versa; evidence of common 
molecular aberrations (see below) support 
that DFSP and GCF are related tumors     

  Molecular features• 
   More than 95% of DFSP cases (including  –
histopathological variants) feature one of 
the following cytogenetic aberrations:

   Presence of supernumerary ring chro- °
mosomes containing low level ampli fi ed 
sequences from chromosomes 17q22–
qter and 22q10–13.1  
  A recurrent (balanced or unbalanced)  °
linear chromosomal translocation 
t(17;22) (q22;13.1) (less common, but 
frequent in pediatric cases)     

  The common outcome is a chimeric gene  –
resulting from the fusion of  COL1A1  on 
chromosome 17q21–22 (coding for the  a 1 
chain of type 1 collagen) with  PDGFB  on 
chromosome 22q13 (coding for the PDGF b  
chain)  
  The chimeric protein is posttranslationally  –
processed to generate a functional PDGF b , 
leading to PDGF b -mediated autocrine and/
or paracrine activation of PDGFR b  on neo-
plastic cells  
    – COL1A1 – PDGFB  chimeric transcripts 
have been found in DFSP–FS, DFSP–
PleoSarc, DFSP with areas of GCF, GCF, 
and their hybrid lesions

   Fibrosarcomatous evolution into  °
DFSP–FS has been attributed to  TP53  
mutations, microsatellite instability, or 
genomic gains of the  COL1A1–PDGFB  
fusion gene     

  Alternative chromosomal rearrangements  –
have been sporadically described, includ-
ing t(2;17), t(9;22), t (5;8), t(X;7), and a 
complex unbalanced translocation involv-
ing chromosomes 3, 5, 7, and 22  
  Variable level of   – PDGFB  copy gains or 
ampli fi cations can be an associated  fi nding, 
having unresolved biological or prognostic 
signi fi cance  
  Location of   – COL1A1 – PDGFB  chimeric 
gene breakpoints:

   The   ° PDGFB  breakpoint is always located 
in the  fi rst intron, removing genomic ele-
ments which negatively regulate  PDGFB  
transcription and translation  
  The   ° COL1A1  breakpoints span between 
exons 5 and 49, without any signi fi cant 
clustering. No correlation exists between 
 COL1A1  breakpoint location and clini-
cal, pathological, or prognostic features 
of DFSP. The  COL1A1  side of the chi-
meric gene is thought to act merely as a 
 cis  element to upregulate  PDGFB  
expression     

  Detection methods for DFSP cytogenetic  –
alterations include: G-banded cytogenetic 
analysis (50% sensitivity), multiplex 
RT-PCR on FF or FFPE samples (74–96% 
sensitivity, depending on assay and design 
of primers), and FISH analysis on FF or 
FFPE samples (95% sensitivity)  
  Failure to detect the chimeric gene alone  –
does not exclude a diagnosis of DFSP, 
despite pointing to an alternative diagnosis  
  FISH analysis appears as the most appro- –
priate method for routine detection of 
fusion gene (location of  COL1A1  break-
points does not have any clinicopathologi-
cal signi fi cance); multiplex RT-PCR and 
sequencing analysis should be reserved for 
validation of negative FISH results and for 
research purposes  
  Documentation of rearrangements and/or  –
chimeric transcript is mandatory for diag-
nosing atypical/pediatric cases and assess-
ing potential sensitivity to targeted therapy 
with tyrosine kinase inhibitors (TKIs)  
  TK inhibitors targeting PDGFR  – b  (includ-
ing imatinib mesylate, sunitinib, and 
sorafenib) are indicated in locally advanced 
and metastatic DFSP with con fi rmed 
 COLA1 – PDGFB  fusion gene; presence of 
chimeric gene is not predictive of degree of 
response to targeted therapy, but its absence 
is predictive of treatment failure     

  GCF• 
   A rare, low grade mesenchymal neoplasm  –
with a typical predilection for young boys; 
usually arising on the trunk. Histological 
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features are sparse cellularity and a myxoid 
stroma; spindled bland  fi broblasts and stel-
late cells are observed admixed with CD34-
positive giant cells, which often line 
“angiectoid” or pseudovascular spaces. 
Parts of the tumor may resemble DFSP  
  Molecular aberrations are identical to the  –
ones described in DSFP; GCF and DFSP 
are currently seen as related neoplasms            

   Suggested Reading 

   Ultraviolet Light and Skin Cancer 

    Abdel-Malek ZA, Kadekaro AL, Swope VB (2010) 
Stepping up melanocytes to the challenge of UV expo-
sure. Pigment Cell Melanoma Res 23:171–86  

    Autier P, Dore JF, Eggermont AM et al (2011) 
Epidemiological evidence that UVA radiation is 
involved in the genesis of cutaneous melanoma. Curr 
Opin Oncol 23:189–96  

    Gerstenblith MR, Shi J, Landi MT (2010) Genome-wide 
association studies of pigmentation and skin cancer: a 
review and meta-analysis. Pigment Cell Melanoma 
Res 23:587–606  

    Kappes UP, Luo D, Potter M et al (2006) Short- and 
 long-wave UV light (UVB and UVA) induce similar 
mutations in human skin cells. J Invest Dermatol 
126:667–75  

    Narayanan DL, Saladi RN, Fox JL (2010) Ultraviolet 
radiation and skin cancer. Int J Dermatol 49:978–86  

    Runger TM (2007) How different wavelengths of the 
ultraviolet spectrum contribute to skin carcinogenesis: 
the role of cellular damage responses. J Invest 
Dermatol 127:2103–5  

    Runger TM (2008) C– > T transition mutations are not 
solely UVB-signature mutations, because they are also 
generated by UVA. J Invest Dermatol 128:2138–40  

    Runger TM (2011) Is UV-induced mutation formation in 
melanocytes different from other skin cells? Pigment 
Cell Melanoma Res 24:10–2  

    Runger TM, Kappes UP (2008) Mechanisms of mutation 
formation with long-wave ultraviolet light (UVA). 
Photodermatol Photoimmunol Photomed 24:2–10  

    von Thaler AK, Kamenisch Y, Berneburg M (2010) The 
role of ultraviolet radiation in melanomagenesis. Exp 
Dermatol 19:81–8   

   Melanoma 

    Barrett JH, Iles MM, Harland M et al (2011) Genome-
wide association study identi fi es three new melanoma 
susceptibility loci. Nat Genet 43:1108–13  

    Bastian BC, Kashani-Sabet M, Hamm H et al (2000a) 
Gene ampli fi cations characterize acral melanoma and 
permit the detection of occult tumor cells in the sur-
rounding skin. Cancer Res 60:1968–73  

    Bastian BC, LeBoit PE, Pinkel D (2000b) Mutations and 
copy number increase of HRAS in Spitz nevi with dis-
tinctive histopathological features. Am J Pathol 
157:967–72  

    Bastian BC, Olshen AB, LeBoit PE et al (2003) Classifying 
melanocytic tumors based on DNA copy number 
changes. Am J Pathol 163:1765–70  

    Bastian BC, Xiong J, Frieden IJ et al (2002) Genetic 
changes in neoplasms arising in congenital melano-
cytic nevi: differences between nodular proliferations 
and melanomas. Am J Pathol 161:1163–9  

    Bauer J, Bastian BC (2006) Distinguishing melanocytic 
nevi from melanoma by DNA copy number changes: 
comparative genomic hybridization as a research and 
diagnostic tool. Dermatol Ther 19:40–9  

    Bauer J, Buttner P, Murali R et al (2011) BRAF mutations 
in cutaneous melanoma are independently associated 
with age, anatomic site of the primary tumor, and the 
degree of solar elastosis at the primary tumor site. 
Pigment Cell Melanoma Res 24:345–51  

    Bauer J, Curtin JA, Pinkel D et al (2007) Congenital mel-
anocytic nevi frequently harbor NRAS mutations but 
no BRAF mutations. J Invest Dermatol 127:179–82  

    Bertolotto C, Lesueur F, Giuliano S et al (2011) A 
SUMOylation-defective MITF germline mutation pre-
disposes to melanoma and renal carcinoma. Nature 
480:94–8  

    Bogenrieder T, Herlyn M (2011) The molecular pathol-
ogy of cutaneous melanoma. Cancer Biomark 
9:267–86  

    Broekaert SM, Roy R, Okamoto I et al (2010) Genetic and 
morphologic features for melanoma classi fi cation. 
Pigment Cell Melanoma Res 23:763–70  

    Busam KJ (2011) Desmoplastic melanoma. Clin Lab Med 
31:321–30  

    Carvajal RD, Antonescu CR, Wolchok JD et al (2011) 
KIT as a therapeutic target in metastatic melanoma. 
JAMA 305:2327–34  

    Cerroni L, Barnhill R, Elder D et al (2010) Melanocytic 
tumors of uncertain malignant potential: results of a 
tutorial held at the XXIX Symposium of the 
International Society of Dermatopathology in Graz, 
October 2008. Am J Surg Pathol 34:314–26  

    Cheli Y, Ohanna M, Ballotti R et al (2010) Fifteen-year 
quest for microphthalmia-associated transcription 
 factor target genes. Pigment Cell Melanoma Res 23:
27–40  

    Cronin JC, Wunderlich J, Loftus SK et al (2009) Frequent 
mutations in the MITF pathway in melanoma. Pigment 
Cell Melanoma Res 22:435–44  

    Curtin JA, Busam K, Pinkel D et al (2006) Somatic activa-
tion of KIT in distinct subtypes of melanoma. J Clin 
Oncol 24:4340–6  

    Curtin JA, Fridlyand J, Kageshita T et al (2005) Distinct 
sets of genetic alterations in melanoma. N Engl J Med 
353:2135–47  



304 A. Saggini and B. Bastian

    Duffy DL, Iles MM, Glass D et al (2010) IRF4 variants 
have age-speci fi c effects on nevus count and predis-
pose to melanoma. Am J Hum Genet 87:6–16  

    Dutton-Regester K, Hayward NK (2012) Reviewing the 
somatic genetics of melanoma: from current to future 
analytical approaches. Pigment Cell Melanoma Res 
25:144–54  

    Fargnoli MC, Pike K, Pfeiffer RM et al (2008) MC1R 
variants increase risk of melanomas harboring BRAF 
mutations. J Invest Dermatol 128:2485–90  

    Flaherty KT, Hodi FS, Bastian BC (2010) Mutation-driven 
drug development in melanoma. Curr Opin Oncol 
22:178–83  

    Gammon B, Beilfuss B, Guitart J et al (2012) Enhanced 
detection of spitzoid melanomas using  fl uorescence in 
situ hybridization with 9p21 as an adjunctive probe. 
Am J Surg Pathol 36:81–8  

    Garrido MC, Bastian BC (2010) KIT as a therapeutic tar-
get in melanoma. J Invest Dermatol 130:20–7  

    Gerami P, Jewell SS, Morrison LE et al (2009) Fluorescence 
in situ hybridization (FISH) as an ancillary diagnostic 
tool in the diagnosis of melanoma. Am J Surg Pathol 
33:1146–56  

    Gerami P, Jewell SS, Pouryazdanparast P et al (2011) 
Copy number gains in 11q13 and 8q24 [corrected] are 
highly linked to prognosis in cutaneous malignant 
melanoma. J Mol Diagn 13:352–8  

    Gerami P, Zembowicz A (2011) Update on  fl uorescence 
in situ hybridization in melanoma: state of the art. 
Arch Pathol Lab Med 135:830–7  

    Harbour JW (2012) The genetics of uveal melanoma: an 
emerging framework for targeted therapy. Pigment 
Cell Melanoma Res 25:171–81  

    Harbour JW, Onken MD, Roberson ED et al (2010) 
Frequent mutation of BAP1 in metastasizing uveal 
melanomas. Science 330:1410–3  

   Hill SJ, Delman KA. Pediatric melanomas and the atypi-
cal spitzoid melanocytic neoplasms. Am J Surg .  2011 
[Epub ahead of print].  

    Macgregor S, Montgomery GW, Liu JZ et al (2011) 
Genome-wide association study identi fi es a new mela-
noma susceptibility locus at 1q21.3. Nat Genet 
43:1114–8  

    Maize JC Jr, McCalmont TH, Carlson JA et al (2005) 
Genomic analysis of blue nevi and related dermal mel-
anocytic proliferations. Am J Surg Pathol 29:1214–20  

    Murali R, Zannino D, Synnott M et al (2011) Clinical and 
pathological features of metastases of primary cutaneous 
desmoplastic melanoma. Histopathology 58:886–95  

    Newton-Bishop J, Gruis N (2010) Melanoma susceptibil-
ity genes. Melanoma Res 20:161–2  

    North JP, Kageshita T, Pinkel D et al (2008) Distribution 
and signi fi cance of occult intraepidermal tumor cells 
surrounding primary melanoma. J Invest Dermatol 
128:2024–30  

    North JP, Vetto JT, Murali R et al (2011) Assessment of 
copy number status of chromosomes 6 and 11 by FISH 
provides independent prognostic information in pri-
mary melanoma. Am J Surg Pathol 35:1146–50  

    Pouryazdanparast P, Cowen DP, Beilfuss BA et al (2012) 
Distinctive clinical and histologic features in cutane-
ous melanoma with copy number gains in 8q24. Am J 
Surg Pathol 36:253–64  

    Prickett TD, Agrawal NS, Wei X et al (2009) Analysis of 
the tyrosine kinome in melanoma reveals recurrent 
mutations in ERBB4. Nat Genet 41:1127–32  

    Scolyer RA, Long GV, Thompson JF (2011) Evolving 
concepts in melanoma classi fi cation and their rele-
vance to multidisciplinary melanoma patient care. Mol 
Oncol 5:124–36  

    Stark MS, Woods SL, Gartside MG et al (2011) Frequent 
somatic mutations in MAP3K5 and MAP3K9 in meta-
static melanoma identi fi ed by exome sequencing. Nat 
Genet 44:165–9  

    Thomas AJ, Erickson CA (2008) The making of a melano-
cyte: the speci fi cation of melanoblasts from the neural 
crest. Pigment Cell Melanoma Res 21:598–610  

    Van Raamsdonk CD, Bezrookove V, Green G et al (2009) 
Frequent somatic mutations of GNAQ in uveal mela-
noma and blue naevi. Nature 457:599–602  

    Van Raamsdonk CD, Griewank KG, Crosby MB et al 
(2010) Mutations in GNA11 in uveal melanoma. N 
Engl J Med 363:2191–9  

    Viros A, Fridlyand J, Bauer J et al (2008) Improving mel-
anoma classi fi cation by integrating genetic and mor-
phologic features. PLoS Med 5:e120  

    Walia V, Mu EW, Lin JC, Samuels Y (2012) Delving into 
somatic variation in sporadic melanoma. Pigment Cell 
Melanoma Res 25:155–70  

    Wei X, Walia V, Lin JC et al (2011) Exome sequencing 
identi fi es GRIN2A as frequently mutated in mela-
noma. Nat Genet 43:442–6  

    Whiteman DC, Pavan WJ, Bastian BC (2011) The melano-
mas: a synthesis of epidemiological, clinical, histo-
pathological, genetic, and biological aspects, supporting 
distinct subtypes, causal pathways, and cells of origin. 
Pigment Cell Melanoma Res 24:879–97  

    Wiesner T, Obenauf AC, Murali R et al (2011) Germline 
mutations in BAP1 predispose to melanocytic tumors. 
Nat Genet 43:1018–21  

    Williams PF, Olsen CM, Hayward NK et al (2011) 
Melanocortin 1 receptor and risk of cutaneous mela-
noma: a meta-analysis and estimates of population 
burden. Int J Cancer 129:1730–40  

    Worley LA, Onken MD, Person E et al (2007) 
Transcriptomic versus chromosomal prognostic mark-
ers and clinical outcome in uveal melanoma. Clin 
Cancer Res 13:1466–71  

    Yokoyama S, Woods SL, Boyle GM et al (2011) A novel 
recurrent mutation in MITF predisposes to familial 
and sporadic melanoma. Nature 480:99–103   

   Nonmelanoma Skin Cancer 

    Arnault JP, Mateus C, Escudier B et al (2012) Skin tumors 
induced by sorafenib; paradoxic RAS-RAF pathway 



30513 Molecular Pathology of Cutaneous Melanoma and Nonmelanoma Skin Cancer

activation and oncogenic mutations of HRAS, TP53, 
and TGFBR1. Clin Cancer Res 18:263–72  

    Arron ST, Ruby JG, Dybbro E et al (2011) Transcriptome 
sequencing demonstrates that human papillomavirus 
is not active in cutaneous squamous cell carcinoma. 
J Invest Dermatol 131:1745–53  

    Barakat MT, Humke EW, Scott MP (2010) Learning from 
Jekyll to control Hyde: Hedgehog signaling in devel-
opment and cancer. Trends Mol Med 16:337–48  

    Botti E, Spallone G, Moretti F et al (2011) Developmental 
factor IRF6 exhibits tumor suppressor activity in 
squamous cell carcinomas. Proc Natl Acad Sci USA 
108:13710–5  

    Durinck S, Ho C, Wang NJ et al (2011) Temporal dissec-
tion of tumorigenesis in primary cancers. Cancer 
Discov 1:137–43  

    Epstein EH (2008) Basal cell carcinomas: attack of the 
hedgehog. Nat Rev Cancer 8:743–54  

    Epstein EH Jr (2011) Mommy - where do tumors come 
from? J Clin Invest 121:1681–3  

    Han J, Qureshi AA, Nan H et al (2011) A germline variant 
in the interferon regulatory factor 4 gene as a novel 
skin cancer risk locus. Cancer Res 71:1533–9  

    Hooper JE, Scott MP (2005) Communicating with 
Hedgehogs. Nat Rev Mol Cell Biol 6:306–17  

    Kasper M, Jaks V, Hohl D et al (2012) Basal cell carci-
noma - molecular biology and potential new therapies. 
J Clin Invest 122:455–63  

    Marchetti A, Felicioni L, Malatesta S et al (2011) Clinical 
features and outcome of patients with non-small-cell 
lung cancer harboring BRAF mutations. J Clin Oncol 
29:3574–9  

    Marinari B, Ballaro C, Koster MI et al (2009) IKKalpha is 
a p63 transcriptional target involved in the pathogen-
esis of ectodermal dysplasias. J Invest Dermatol 
129:60–9  

    Mikkola ML, Costanzo A, Thesleff I et al (2010) Treasure 
or artifact: a decade of p63 research speaks for itself. 
Cell Death Differ 17:180–3  

    Nan H, Kraft P, Hunter DJ et al (2009) Genetic variants in 
pigmentation genes, pigmentary phenotypes, and risk 
of skin cancer in Caucasians. Int J Cancer 
125:909–17  

    Nan H, Xu M, Kraft P et al (2011) Genome-wide associa-
tion study identi fi es novel alleles associated with risk 
of cutaneous basal cell carcinoma and squamous cell 
carcinoma. Hum Mol Genet 20:3718–24  

    Park E, Liu B, Xia X et al (2011) Role of IKKalpha in skin 
squamous cell carcinomas. Future Oncol 7:123–34  

    Ratushny V, Gober MD, Hick R et al (2012) From kerati-
nocyte to cancer: the pathogenesis and modeling of 
cutaneous squamous cell carcinoma. J Clin Invest 
122:464–72  

    Sellheyer K (2011) Basal cell carcinoma: cell of origin, 
cancer stem cell hypothesis and stem cell markers. Br 
J Dermatol 164:696–711  

    Tang T, Tang JY, Li D et al (2011) Targeting super fi cial or 
nodular basal cell carcinoma with topically formulated 
small molecule inhibitor of smoothened. Clin Cancer 
Res 17:3378–87  

    Wang GY, Wang J, Mancianti ML et al (2011a) Basal cell 
carcinomas arise from hair follicle stem cells in 
Ptch1(+/−) mice. Cancer Cell 19:114–24  

    Wang NJ, Sanborn Z, Arnett KL et al (2011b) Loss-of-
function mutations in Notch receptors in cutaneous 
and lung squamous cell carcinoma. Proc Natl Acad 
Sci U S A 108:17761–6  

    Wu X, Nguyen BC, Dziunycz P et al (2010) Opposing 
roles for calcineurin and ATF3 in squamous skin can-
cer. Nature 465:368–72   

   Cutaneous Adnexal Neoplasms 

    Almeida S, Maillard C, Itin P et al (2008) Five new CYLD 
mutations in skin appendage tumors and evidence that 
aspartic acid 681 in CYLD is essential for deubiquit-
inase activity. J Invest Dermatol 128:587–93  

    Fehr A, Kovacs A, Loning T et al (2011) The MYB-NFIB 
gene fusion-a novel genetic link between adenoid cys-
tic carcinoma and dermal cylindroma. J Pathol 
224:322–7  

    Gaskin BJ, Fernando BS, Sullivan CA et al (2011) The 
signi fi cance of DNA mismatch repair genes in the 
diagnosis and management of periocular sebaceous 
cell carcinoma and Muir-Torre syndrome. Br J 
Ophthalmol 95:1686–90  

    Hafner C, Schmiemann V, Ruetten A et al (2007) PTCH 
mutations are not mainly involved in the pathogenesis 
of sporadic trichoblastomas. Hum Pathol 38:1496–500  

    Kazakov DV, Sima R, Vanecek T et al (2009a) Mutations 
in exon 3 of the CTNNB1 gene (beta-catenin gene) in 
cutaneous adnexal tumors. Am J Dermatopathol 
31:248–55  

    Kazakov DV, Vanecek T, Zelger B et al (2011) Multiple 
(familial) trichoepitheliomas: a clinicopathological 
and molecular biological study, including CYLD and 
PTCH gene analysis, of a series of 16 patients. Am J 
Dermatopathol 33:251–65  

    Kazakov DV, Zelger B, Rutten A et al (2009b) Morphologic 
diversity of malignant neoplasms arising in preexist-
ing spiradenoma, cylindroma, and spiradenocylin-
droma based on the study of 24 cases, sporadic or 
occurring in the setting of Brooke-Spiegler syndrome. 
Am J Surg Pathol 33:705–19  

    Ko CJ (2010) Muir-Torre syndrome: facts and controver-
sies. Clin Dermatol 28(3):324–9  

    Krahl D, Sellheyer K (2010) Basal cell carcinoma and 
pilomatrixoma mirror human follicular embryogenesis 
as re fl ected by their differential expression patterns of 
SOX9 and beta-catenin. Br J Dermatol 162:1294–301  

   Landis MN, Davis CL, Bellus GA, et al. Immunosuppression 
and sebaceous tumors: a con fi rmed diagnosis of Muir-
Torre syndrome unmasked by immunosuppressive 
therapy. J Am Acad Dermatol. 2011;65:1054–8 e1051.  

    Massoumi R, Paus R (2007) Cylindromatosis and the 
CYLD gene: new lessons on the molecular principles 
of epithelial growth control. Bioessays 29:1203–14  



306 A. Saggini and B. Bastian

    Mitani Y, Rao PH, Futreal PA et al (2011) Novel chromo-
somal rearrangements and break points at the t(6;9) in 
salivary adenoid cystic carcinoma: association with 
MYB-NFIB chimeric fusion, MYB expression, and 
clinical outcome. Clin Cancer Res 17:7003–14  

    Niemann C, Owens DM, Schettina P et al (2007) Dual 
role of inactivating Lef1 mutations in epidermis: tumor 
promotion and speci fi cation of tumor type. Cancer Res 
67:2916–21  

    Rajan N, Langtry JA, Ashworth A et al (2009) Tumor map-
ping in 2 large multigenerational families with CYLD 
mutations: implications for disease management and 
tumor induction. Arch Dermatol 145:1277–84  

    Shalin SC, Lyle S, Calonje E et al (2010) Sebaceous neo-
plasia and the Muir-Torre syndrome: important con-
nections with clinical implications. Histopathology 
56:133–47  

    Sima R, Vanecek T, Kacerovska D et al (2010) Brooke-
Spiegler syndrome: report of 10 patients from 8 fami-
lies with novel germline mutations: evidence of diverse 
somatic mutations in the same patient regardless of 
tumor type. Diagn Mol Pathol 19:83–91  

    Takeda H, Lyle S, Lazar AJ et al (2006) Human sebaceous 
tumors harbor inactivating mutations in LEF1. Nat 
Med 12:395–7  

    Xia J, Urabe K, Moroi Y et al (2006) beta-Catenin muta-
tion and its nuclear localization are con fi rmed to be 
frequent causes of Wnt signaling pathway activation 
in pilomatricomas. J Dermatol Sci 41:67–75   

   Merkel Cell Carcinoma 

    Houben R, Adam C, Baeurle A et al (2012a) An intact 
retinoblastoma protein-binding site in Merkel cell 
polyomavirus large T antigen is required for promot-
ing growth of Merkel cell carcinoma cells. Int J Cancer 
130:847–56  

    Houben R, Grimm J, Willmes C et al (2012b) Merkel cell 
carcinoma and Merkel cell polyomavirus: evidence for 
hit-and-run oncogenesis. J Invest Dermatol 132:254–6  

    Houben R, Shuda M, Weinkam R et al (2010) Merkel cell 
polyomavirus-infected Merkel cell carcinoma cells 
require expression of viral T antigens. J Virol 
84:7064–72  

    Paulson KG, Carter JJ, Johnson LG et al (2010) Antibodies 
to merkel cell polyomavirus T antigen oncoproteins 
re fl ect tumor burden in merkel cell carcinoma patients. 
Cancer Res 70:8388–97  

    Rollison DE, Giuliano AR, Becker JC (2010) New virus 
associated with merkel cell carcinoma development. J 
Natl Compr Canc Netw 8:874–80  

    Schrama D, Becker JC (2011) Merkel cell carcinoma–
pathogenesis, clinical aspects and treatment. J Eur 
Acad Dermatol Venereol 25:1121–9  

    Schrama D, Peitsch WK, Zapatka M et al (2011) Merkel 
cell polyomavirus status is not associated with clinical 
course of Merkel cell carcinoma. J Invest Dermatol 
131:1631–8  

    Schrama D, Ugurel S, Becker JC (2012) Merkel cell car-
cinoma: recent insights and new treatment options. 
Curr Opin Oncol 24:141–9  

    Wang TS, Byrne PJ, Jacobs LK et al (2011c) Merkel cell 
carcinoma: update and review. Semin Cutan Med Surg 
30:48–56  

    Wong HH, Wang J (2010) Merkel cell carcinoma. Arch 
Pathol Lab Med 134:1711–6   

   Dermato fi brosarcoma Protuberans 

   Bogucki B, Neuhaus I, Hurst EA .  Dermato fi brosarcoma 
protuberans: a review of the literature. Dermatol Surg .  
2012 [Epub ahead of print].  

    Llombart B, Monteagudo C, Sanmartin O et al (2011) 
Dermato fi brosarcoma protuberans: a clinicopathologi-
cal, immunohistochemical, genetic (COL1A1-
PDGFB), and therapeutic study of low-grade versus 
high-grade ( fi brosarcomatous) tumors. J Am Acad 
Dermatol 65:564–75  

    Llombart B, Sanmartin O, Lopez-Guerrero JA et al (2009) 
Dermato fi brosarcoma protuberans: clinical, pathologi-
cal, and genetic (COL1A1-PDGFB ) study with thera-
peutic implications. Histopathology 54:860–72  

    Salgado R, Llombart B, Ramon MP et al (2011) Molecular 
diagnosis of dermato fi brosarcoma protuberans: a com-
parison between reverse transcriptase-polymerase 
chain reaction and  fl uorescence in situ hybridization 
methodologies. Genes Chromosomes Cancer 
50:510–7  

    Segura S, Salgado R, Toll A et al (2011) Identi fi cation of 
t(17;22)(q22;q13) (COL1A1/PDGFB) in 
dermato fi brosarcoma protuberans by  fl uorescence in 
situ hybridization in paraf fi n-embedded tissue microar-
rays. Hum Pathol 42:176–84  

    Tardio JC (2009) CD34-reactive tumors of the skin. An 
updated review of an ever-growing list of lesions. 
J Cutan Pathol 36:89–102       



307L. Cheng and J.N. Eble (eds.), Molecular Surgical Pathology, 
DOI 10.1007/978-1-4614-4900-3_14, © Springer Science+Business Media New York 2013

   Squamous Cell Carcinoma 

   Overview of Head and Neck Squamous 
Cell Carcinoma 

    Head and neck cancer includes diverse tumor • 
types arising from various structures: cranio-
facial bones, soft tissues, salivary glands, skin, 
and mucosal membranes

   90% are head and neck squamous cell car- –
cinomas (HNSCC)     

  HNSCC is the sixth most common cancer in • 
the world with more than 560,000 new cases 
diagnosed annually and over 300,000 deaths 
per year

   HNSCC arises from the mucosal lining of  –
the upper aerodigestive tract and demon-
strates squamous differentiation  
  Historically, the most commonly affected  –
patients are older males with a long history of 
cigarette smoking and alcohol consumption     

  Surgery, chemotherapy, and radiation are the • 
currently available treatments  
  5-year survival rate in head and neck cancer • 
has remained unchanged at 50% over the past 
20 years; novel methods of cancer detection 
and therapeutic options need to be developed  
  Genetic, epigenetic, and viral agents have • 
been identi fi ed as etiologic factors in the 
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development of head and neck cancer, which 
is now considered a heterogeneous group of 
cancers based on molecular studies of tumor 
biology

   HNSCC tumors now have distinct genetic  –
pro fi les that differ in their risk factors, 
pathogenesis, and clinical behavior  
  Speci fi c molecular alterations and molecu- –
lar therapy have been associated with 
improved treatment response and prognosis  
  Biomarker refers to an objectively mea- –
sured characteristic which may provide an 
indication of an outcome in question, such 
as response to treatment, metastasis, or 
survival  
  Various biomarkers and their application  –
for diagnosing, staging, monitoring, and 
prognosticating HNSCC are being 
developed  
  Human papilloma virus (HPV) and epider- –
mal growth factor receptor (EGFR) are the 
two most well studied and frequently used 
biomarkers in HNSCC     

  Improved molecular characterization of pri-• 
mary tumors and surgical margins will soon 
allow clinicians to detect and treat earlier 
lesions, predict response to treatment, and tai-
lor speci fi c therapy     

   Risk Factors and Molecular Pathology 
in HNSCC 

    Tobacco smoking is a well-known risk factor • 
for HNSCC; the risk of developing HNSCC 
correlates to the duration and amount of 
smoking

   Increased risk of developing HNSCC is  –
attributed to the nitrosamines and polycy-
clic hydrocarbons in tobacco smoke  
  The molecular targets of cigarette smoke  –
and tobacco-induced mutations are cur-
rently being studied  
  One example is TP53 mutations in HNSCC,  –
which occur more frequently in patients who 
smoke than in those who do not smoke, but 
are not present in all patients who smoke  

  Individual differences in carcinogen metab- –
olizing enzymes may modify individuals’ 
risk of HNSCC development     

  Alcohol consumption is an independent risk • 
factor for developing HNSCC, especially for 
hypopharyngeal squamous cell carcinoma

   Alcohol consumption and tobacco smoke  –
synergistically magnify the risk of devel-
oping HNSCC  
  Acetaldehyde, the metabolite in alcohol,  –
interferes with DNA synthesis and repair  
  Alcohol likely potentiates the effects of  –
smoking because it is a chemical solvent 
and therefore prolongs mucosal exposure 
to the carcinogens in tobacco smoke     

  HPV type 16 is the causative agent in up to • 
70% of oropharyngeal cancers (20–25% of all 
HNSCC), which is shifting the demographics 
of HNSCC toward younger patients with no 
alcohol or tobacco risk factors

   HPV-18 and other subtypes can also be  –
found in up to 5–10% of HNSCC  
  HPV-associated HNSCC is associated with  –
oral HPV infection and sexual practices 
which increase oral viral exposure (these 
include early age of initial sexual activity, a 
high number of oral and vaginal sexual 
partners, frequent oral-genital and oral-anal 
contact, and decreased use of barriers dur-
ing intercourse)  
  HIV positivity increases the frequency of  –
oral HPV detection  
  Marijuana is an independent risk factor for  –
HPV-positive HNSCC; the risk increases 
with intensity, duration, and cumulative 
years of marijuana use  
  Cannabinoids from marijuana bind the  –
CB2 receptor on B cells, T cells, NK cells, 
macrophages, and dendritic cells in human 
tonsillar tissue, which suppresses immune 
responses to HPV infection inducing 
tumorigenesis  
  Tonsillar anatomy consists of crypts lined  –
by reticulated squamous epithelium, 
which serves to transport foreign antigens 
from the external environment to the ton-
sillar lymphoid tissue allowing for the 
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direct passage of lymphocytes and anti-
gen-presenting cells, which also allows 
for HPV deposition  
  The microanatomy of the crypt epithelium  –
likely contributes to the clinical observa-
tion that small oropharyngeal carcinomas 
often present with advanced regional 
metastases        

   Histopathology of HNSCC 

    Squamous dysplasia refers to alterations in the • 
surface epithelium prior to invasion beyond 
the epithelial basement membrane

   Changes include abnormal cellular organi- –
zation, increased mitotic activity, and 
nuclear enlargement with pleomorphism  
  Dysplasia is graded 1–3 based on the sever- –
ity of atypia (grade 3 dysplasia is also 
known as carcinoma in situ)  
  Progression beyond the basement mem- –
brane is invasive squamous cell carcinoma 
(SCCA)     

  HNSCC has different pathological variants • 
based on tumor differentiation; the most com-
mon type of HNSCC is moderately differenti-
ated SCCA

   Spindle cell variant consists of a prolifera- –
tion of noncohesive spindle cells resem-
bling a sarcoma more than a carcinoma  
  Verrucous carcinoma is an exophytic mass  –
with markedly thickened squamous epithe-
lium with “church spires” of parakeratotic 
squamous cells and broad pushing borders 
without atypia and no potential for 
metastasis  
  Papillary variant of HNSCC has a promi- –
nent exophytic component of papillary 
growth; papillary fronds are lined by malig-
nant squamous cells  
  Basaloid squamous variant is highly  –
aggressive and consists of solid lobules of 
cells with peripheral palisading, scant cyto-
plasm, and dark nuclei  
  A subtype of basaloid SCCA consists of  –
HPV-16 positive tumors which have a 

signi fi cantly increased overall survival 
despite being more likely to present with 
lymph node metastases        

   Genetic Model of HNSCC 

    A multistep process of genetic and epigenetic • 
alterations results in the transformation of 
normal mucosa or epithelium into HNSCC

   A tumor progression model hypothesis was  –
developed for other tumors and has been 
applied to HNSCC  
  Neoplasms are the result of tumor suppres- –
sor gene inactivation and/or protooncogene 
activation  
  There is a de fi ned order of genetic events  –
leading to a speci fi c tumor phenotype  
  The net accumulation of genetic alterations  –
determines the tumor phenotype     

  Allelic loss appears to be more common than • 
allelic gain  
  A tumor progression model has been proposed • 
for head and neck cancer based on microsatel-
lite analysis for allelic loss at ten major chro-
mosomal loci in benign hyperplasia, dysplasia, 
carcinoma in situ, and invasive cancer

   The accumulation and not necessarily the  –
order of genetic events determines tumor 
progression into invasive carcinoma  
  The accumulation of genetic alterations  –
tends to follow a sequential order  
  There is an increased rate of allelic loss in  –
areas of apparently benign mucosa adja-
cent to premalignant lesions lending sup-
port to the concept of “ fi eld cancerization” 
derived from a common clone  
  Importantly for future screening possibili- –
ties, genetic damage often precedes micro-
scopic changes     

  Field cancerization was proposed by Slaughter • 
40 years ago to explain multifocal tumor ori-
gin as 10–40% of patients with HNSCC will 
develop a second tumor of the aerodigestive 
tract

   Field cancerization refers to a large area of  –
mucosa or epithelium surrounding the 
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 primary tumor which possesses an increased 
potential to develop malignancy  
  Contemporary molecular biology using  –
microsatellite analysis and X chromosome 
inactivation has shown synchronous and 
metachronous lesions in head and neck can-
cer that originate from a common clone  
  Lesions separated by time or distance may  –
have a common clonal origin which evolve 
into cancer through an accumulation of 
successive genetic alterations  
  Therefore, genetically damaged cells may  –
be present in surrounding mucosa without 
any histopathologic evidence of dysplasia, 
accounting for local recurrence despite sur-
gical resection with negative margins deter-
mined histopathologically     

  Identifying early events within a tumor pro-• 
gression model will allow for the clinician to 
observe or treat lesions which may appear his-
topathologically normal, but have a high risk 
for progression to malignancy     

   Common Genetic Alterations in Head 
and Neck Cancer 

    The p53 and retinoblastoma (Rb) tumor sup-• 
pressor pathways are the most common path-
ways altered in HNSCC  
  Loss of p53 in chromosome region 17p13 is • 
almost universal in HNSCC, as in other 
malignancies

   p53 mutation frequency is directly propor- –
tional to worsened HNSCC histologic 
appearance  
  Loss of function of p53 is seen in the trans- –
formation from a preinvasive to invasive 
phenotype; further genetic alterations sub-
sequently continue through the cell cycle 
without repair  
  A mutation rate of 50–79% has been  –
observed in HNSCC tumors  
  p53 mutations may be an obligatory genetic  –
alteration in HNSCC  
  p53 expression has been associated with  –
poor prognosis and progression of disease  

  HPV 16 viral products (E6, E7) inhibit the  –
p53 pathway by degrading wild type p53 
protein  
  Therefore, HPV-positive HNSCCs are less  –
likely to contain a p53 mutation than HPV-
negative HNSCCs     

  The disrupted Rb pathway occurs most com-• 
monly from a loss of the p16/p14 ARF  genes in 
chromosome region 9p21–22

   This is the most common genetic change in  –
HNSCC and occurs early in the progres-
sion of head and neck tumors  
  p16 prohibits cells from entering the cell  –
cycle by inhibiting cyclin-dependent 
kinases 4 and 6 (CDK4 and CDK6), dis-
rupting Rb phosphorylation and leading to 
G 1  cell cycle arrest  
  p14 ARF  inhibits MDM2 from inhibiting  –
p53 and therefore causes an antiprolifera-
tive effect in wild type cells  
  Disruption of these tumor suppressor genes  –
in HNSCC is from genetic mutations, loss 
of heterozygosity, or inactivation by pro-
moter hypermethylation  
  The frequency of loss of heterozygosity at  –
9p21–22 in HNSCC is 70%  
  In HPV-positive cancer, wild type p16 pro- –
tein is consistently expressed and immuno-
histochemistry of p16 protein can be used 
as a marker of HPV status in HNSCCs     

  Epidermal growth factor receptor (EGFR) • 
overexpression is a predictor of increased 
locoregional recurrence and decreased overall 
and disease-free survival in HNSCC

   EGF induces cell division, migration, adhe- –
sion, differentiation, and apoptosis via a 
tyrosine kinase-dependent pathway  
  More than 90% of HNSCC tumors overex- –
press EGFR  
  Overexpression of EGFR increases with  –
increasing severity of dysplasia in prema-
lignant lesions  
  EGFR downstream effectors also regulate  –
cellular growth properties  
  Signal transducer and activator of tran- –
scription (STAT3) is a downstream effec-
tor of EGFR, which has antiapoptotic 
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properties in a head and neck cancer 
xenograft model  
  EGFR has been identi fi ed as a potential target  –
for cancer therapeutics; adenoviral E1A gene 
products downregulate EGFR expression in 
HNSCC cell lines and induce apoptosis, 
which is reversible with EGFR expression     

  Loss of chromosome 3p heterozygosity is • 
another early genetic alteration observed with 
a 60% frequency in HNSCC

   There is no consensus on the speci fi c locus  –
responsible for the tumor suppressor phe-
notype of chromosome 3p  
  Three distinct regions of loss have been  –
mapped     

  HER2 is an oncogene with homology to EGF • 
and is overexpressed in 40% of oral squamous 
cell carcinomas

   HER2 overexpression in breast cancers is  –
related to a poor prognosis  
  Trastuzumab (Herceptin) is a monoclonal  –
antibody which binds and blocks the growth 
factor receptor of HER2, resulting in 
greater survival rates     

  Ampli fi cation of Cyclin D1 in the chromo-• 
some region 11q13 is reported in 33% of 
HNSCC tumors

   Cyclin D1 is a protooncogene, also known  –
as PRAD1 and CCD1  
  Cyclin D1 activates Rb via phosphoryla- –
tion, causing the cell to progress from the 
G 

1
  phase to the S phase  

  Constitutive activation causes increased  –
proliferation and therefore tumorigenesis  
  Both ampli fi cation of cyclin D1 and inacti- –
vation of p16 result in increased phospho-
rylation of Rb and movement of cells from 
G 

1
  to the S phase in the cell cycle     

   p12  is a tumor suppressor gene implicated in S • 
phase-associated growth suppression, through 
binding with DNA polymerase  a -primase and/
or CDK2

   Delivery of a p12 murine gene suppresses  –
tumor cell growth in vivo in an orthotopic 
mouse model of HNSCC  
  Upon delivery of p12, an antitumor effect  –
of p12 is noted  

  Delivery of a p12 murine gene suppresses  –
tumor cell growth in vivo in an orthotopic 
mouse model of HNSCC  
  Upon delivery of p12: increases in TUNEL  –
labeling and apoptotic indices and decreases 
in Ki67 cell proliferation labeling indices as 
compared with controls are noted, resulting 
in an antitumor effect consistent with the role 
of p12 as a tumor growth suppressor in vivo  
  p12 inhibits cell turnover and tumor growth  –
and as such, may be a potent therapeutic 
agent suitable for further development in 
cancer gene therapy     

  Matrix metalloproteinase (MMP) molecules • 
are zinc-dependent endopeptidases, which 
degrade the extracellular matrix (ECM) and 
are involved in tumor invasion and metastasis 
in HNSCC

   Tumor invasiveness has a direct correlation  –
to MMP-13 expression in HNSCC tumors  
  MMP-2 is expressed more in metastatic  –
cancer cells than in nonmetastatic cancer 
cells and correlates with more aggressive 
tumor growth and poor prognosis  
  MMP-9 is associated with poor prognosis   –
  Antibodies against MMP-9 showed a  –
decrease in invasive properties of HNSCC 
cell lines  
  The expression of MMP-2, MMP-9, and  –
MMP-13 may serve as valuable markers of 
tumor progression because of their role in 
tumor invasiveness  
  Speci fi c cancer treatments targeting MMPs  –
include chelators that bind zinc ions, MMP 
signaling pathway inhibitors, and MMP 
antibodies        

   Practical Molecular Pathology 
Applications in HNSCC 

   Current Practical Applications 
    Biomarkers can be objectively measured to eval-• 
uate the presence and progression of disease

   As molecular pathways in HNSCC become  –
more understood, there is an increasing 
number of potential biomarkers  
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  Biomarkers have thus far been used mostly  –
as prognostic indicators in HNSCC, though 
none has consistently proved reliable across 
multiple studies and none are currently 
used in routine surgical pathology practice  
  Their role is expanding to include early  –
cancer detection, more accurate tumor 
staging, selection for targeted therapies, 
and post treatment cancer surveillance     

  HPV types 16 and 18 are associated with an • 
increased risk of development of oropharyn-
geal and to a lesser degree oral cavity squamous 
cell carcinoma  
  The E6 and E7 viral proteins of HPV degrades • 
p53 and Rb, which inactivates tumor suppres-
sive mechanisms  
  HPV-positive tumors are almost always asso-• 
ciated with wild type p53 and overexpression 
of the p16 protein  
  p16 immunohistochemical staining can be • 
used alone as a surrogate marker for the pres-
ence of HPV  
  HPV-positive HNSCC tumors are more com-• 
mon in younger patients without a signi fi cant 
alcohol or smoking history  
  HPV-positive tumors are more likely to be • 
poorly differentiated with higher cervical 
lymph node metastases, but a better overall 
prognosis and response to therapy, regardless 
of therapeutic regimen  
  HPV-positive tumors also have a lower risk of • 
second primary tumors

   Mechanisms underlying the improved clin- –
ical outcome in HPV-positive tumors may 
include the combined effects of immune 
surveillance to viral-speci fi c tumor anti-
gens, an intact apoptotic response to radia-
tion, and the absence of widespread genetic 
alterations ( fi eld cancerization)  
  Mechanisms to detect HPV include poly- –
merase chain reaction (PCR) based assays, 
real-time or quantitative PCR, and in situ 
hybridization     

  EGFR expression is a consistent marker of • 
poor prognosis, but its utility in predicting 
response to EGFR-targeted therapies is not yet 
completely elucidated

   Cetuximab, an EGFR monoclonal anti- –
body, is the only currently approved EGFR 
targeting drug for use  
  Cetuximab with RT has been shown to be  –
effective in locoregionally advanced 
HNSCC; Cetuximab with platinum-based 
chemotherapy has shown a survival bene fi t 
in recurrent and metastatic HNS  
  There is no correlation between the effec- –
tiveness of EGFR-inhibitor therapies and 
molecular or immunohistochemical testing 
for EGFR in tumor samples        

   Future Practical Applications 
    Tumor localization in cases of regional metas-• 
tases with an unknown primary can be aided 
by the detection of certain oncogenic viruses 
that target speci fi c regions of the aerodigestive 
tract

   Epstein-Barr virus (EBV) in a neck metas- –
tasis reliably suggests the nasopharynx as 
the tumor origin     

  The presence of HPV in a cervical lymph node • 
metastasis reliably points to an oropharyngeal 
primary tumor  
  The application of this approach is currently • 
limited because the majority of HNSCC 
tumors are not linked to an oncogenic virus  
  Detecting genetic alterations early in the tumor • 
progression cycle may result in earlier diagno-
sis when cure is more attainable

   Identifying premalignant lesions (dyspla- –
sias) that are more at risk for transforma-
tion into invasive carcinoma is dif fi cult by 
histopathology alone  
  Among the studied biomarkers, loss of  –
heterozygosity at de fi ned chromosomal 
loci may be the most promising tech-
nique to identify high risk premalignant 
lesions     

  Several studies have shown that dual loss of • 
heterozygosity at 3p and 9p can distinguish 
lesions which are likely to progress to invasive 
carcinoma from those that will not  
  The detection of undiagnosed HNSCC is cur-• 
rently under investigation by using saliva as a 
substrate for biomarker assessment
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   Saliva has been used to assess HPV status,  –
promoter hypermethylation pro fi les, p53 
gene mutations, telomerase activity, and 
gene expression pro fi les  
  More recently, saliva has been shown to  –
harbor clinical discriminatory transcrip-
tomic (IL1B, IL8, SAT1, S100P, DUSP1, 
and OAZ1) and proteomic (IL1B, IL8, 
CD59, Pro fi lin, MRP-14, Catalase, and 
M2BP) biomarkers  
  miRNAs have also been identi fi ed in both  –
whole saliva and supernatant saliva. Two 
of these miRNAs, miR-125a and miR-
200a, are differentially expressed in the 
saliva of HNSCC patients compared with 
that of healthy controls. miRNAs in saliva 
can be used as a noninvasive and rapid 
diagnostic tool for the diagnosis of oral 
cancer.  
  A nationwide oral cancer saliva biomarker  –
validation study is currently ongoing in a 
prospective specimen collection, to meet 
the guidelines of the early detection net-
work (EDRN) of the National Cancer 
Institute     

  HPV 16/18 status may be useful in screening • 
at risk patients for development of HNSCC

   A large double-blind, randomized clinical  –
trial showed that the HPV 16 vaccine in 
young women signi fi cantly reduced the 
incidence of HPV-16 related cervical intra-
epithelial neoplasia; a similar vaccine may 
prevent HPV-associated HNSCC  
  There is a potential to select a high risk  –
population such as heavy drinkers and 
smokers, and screen them for potential 
molecular alterations, such as HPV DNA  
  Patients with concerning molecular altera- –
tions could undergo closer observation     

  Microarray analysis distinguishes gene expres-• 
sion differences between normal and malig-
nant tissue and has been used more recently in 
characterizing gene sets that identify sub-
groups of HNSCC

   The unique “molecular signatures” are  –
being studied in predicting disease course, 
response to therapy, and survival  

  Gene sets and microarray analysis have  –
been used to predict response to chemora-
diation (CRT) and radiation therapy (RT)  
  Probe sets have differed between respond- –
ers and nonresponders to CRT and RT  
  Microarray analysis and genetic expression  –
pro fi ling have the potential to be used as 
markers of prognosis and response to CRT 
and RT in the future  
  Proteomic analysis of normal epithelia and  –
well-differentiated, moderately, and poorly 
differentiated HNSCC has shown differ-
ences at each stage and evaluation of histo-
logically normal mucosa in HNSCC may 
be able to predict the development of sec-
ond primaries and local recurrence  
  Proteomics accounts for posttranscriptional  –
and translational modi fi cations and may be 
more accurate in understanding tumor 
biology  
  Methods in detecting protein expression  –
include two-dimensional differential in gel 
electrophoresis, surface-enhanced laser 
desorption/ionization time of  fl ight mass 
spectrometry, and matrix-assisted laser 
desorption ionization time of  fl ight mass 
spectrometry     

  Hypermethylation of CpG-rich promotor • 
regions leads to tumor suppressor gene inacti-
vation and can be detected on molecular detec-
tion assays

   Physiologic promoter hypermethylation  –
occurs in X chromosome inactivation and 
genetic imprinting, but has been implicated 
in various cancers by inactivating tumor 
suppressor genes  
  The promoter hypermethylation status in  –
HNSCC patients has been assessed using a 
panel of four tumor suppressor genes: p16, 
O6-methylguanine-DNA methyltransferase 
(MGMT), GST- p , and death-associated 
protein kinase (DAPK)  
  At least one of the four genes exhibited  –
promoter hypermethylation in 42–56% of 
head and neck squamous cell tumors  
  Creating an assay sensitive enough for  –
clinic use has been dif fi cult because not all 
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tumors have currently identi fi able methy-
lated genes in HNSCC     

  Determination of telomerase activity in patients • 
with HNSCC tumors could select patients likely 
to bene fi t more from chemotherapeutic agents 
which induce DNA double-strand breaks

   Telomeres are tandem repeats of DNA cap- –
ping the ends of chromosomes; telomere 
shortening during cell cycles leads to natu-
ral cellular senescence  
  Telomerase maintains telomere length in  –
pluripotent germline cells and is absent in 
somatic cells  
  Telomerase activity has been reported in  –
90% of invasive HNSCC cell lines and in 
100% of premalignant lesions  
  Nonsteroidal antiin fl ammatory drugs pos- –
sibly inhibit telomerase in HNSCC treated 
with indomethacin and ibuprofen     

  Molecular analysis of surgical margins (using • 
p53 and eIF4E) may supersede conventional 
histopathologic criteria, which is currently 
associated with a high rate of local recurrence

   Unique single-stranded DNA probes com- –
plementary to each type of p53 mutation 
have been used in analysis of surgical mar-
gins in HNSCC  
  In one study, patients whose margins were  –
negative by molecular mutation analysis 
had a statistically signi fi cant decrease in 
local recurrence compared to margins with 
p53 mutations and histologically negative 
margins  
  eIF4E is a protooncogene which initiates  –
translation and has also been investigated 
by molecular margin analysis  
  eIF4E overexpression was present in 98% of  –
primary tumors and 52% of histologically 
negative margins; patients with clear histo-
logic margins positive for eIF4E had 
signi fi cantly higher local recurrence rates 
than margins without eIF4E overexpression     

  Predictive molecular pathology identifying • 
patterns of genetic alteration could be used to 
predict the behavior and tumorigenic potential 
of premalignant head and neck lesions and 
determine which tumors would be more ame-
nable to certain therapeutic interventions

   HPV(+) and p16(+) are highly predictive  –
for poorly differentiated tumors and basa-
loid SCCA. Additionally, HPV and p16 
positivity demonstrate superior predictive 
value for lymph node metastasis above 
standard H&E histopathologic features     

  COX2 activation increases the expression of • 
SNAIL, a transcription factor. SNAIL in turn 
binds to the promoter region of cell adhesion 
molecule E-cadherin, blocking its expression. 
This pathway is thought to be critical in epi-
thelial–mesenchymal transition and subse-
quent aggressive HNSCC behavior  
  SNAIL positivity is signi fi cantly predictive of • 
poorly differentiated, lymphovascular invasive, 
as well as regionally metastatic tumors. Because 
SNAIL positivity appears independent of HPV, 
p16, and EGFR expression, SNAIL can improve 
upon these markers’ predictive limitations.

   Analysis of p53 status has shown improved  –
survival and response rates with wild type 
p53, but also with absent p53 expression  
  In the future, analysis of p53 function may  –
be more important in predicting tumor 
response because wild type p53 can be inac-
tivated by methods other than genetic altera-
tions, such as HPV product inactivation  
  Increased pretreatment IL-6 levels were  –
found to be an independent predictor of 
both recurrence and poor survival in a large 
longitudinal, prospective cohort study     

  Several molecular targets for molecular ther-• 
apy are under investigation

   Targeted therapy toward EGFR has been  –
studied most extensively and consists of 
monoclonal antibodies, tyrosine kinase inhib-
itors (inhibit the phosphorylation function of 
the cellular domain of EGFR), antisense oli-
gonucleotides, and small interfering RNAs 
(attacks EGFR in extracellular and intracel-
lular domains and at the translational stage)  
  EGFR expression status in primary laryngeal  –
HNSCC was shown to positively correlate 
with the development of secondary tumors  
  Hyperphosphorylation of EGFR indepen- –
dently has been shown to be associated 
with increased lymph node metastases and 
higher nodal stage of disease  
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  STAT proteins, speci fi cally STAT3 is over- –
expressed in HNSCC tumors; in vitro and 
in vivo studies targeting STAT3 using oligo-
nucleotide decoys show antitumor effects  
  Therapeutic HPV vaccines are being stud- –
ied targeting the antigens E6 and E7 via 
viral vector vaccines, bacterial vector vac-
cines, peptide/protein vaccines, DNA vac-
cines, and cell-based vaccines  
  Gene therapy targeting replacement of the  –
mutated tumor suppressor gene p53 has 
been dif fi cult due to creating adequate 
delivery systems to all affected cells          

   Nonsquamous Cell Carcinomas 

   Nasopharyngeal Carcinoma 

    Clinical• 
   Nasopharyngeal cancer (NPC) is rare through- –
out the world, but more common in certain 
geographic areas such as southern Asia  
  NPC is a squamous cell carcinoma that  –
develops around the ostium of the Eustachian 
tube in the lateral wall of the nasopharynx  
  Both environmental and genetic factors  –
play roles in the development of NPC  
  Environmental factors include nitrosamine  –
exposure in salted and pickled foods  
  The strong association of NPC with EBV  –
makes NPC unique from other head and 
neck cancers  
  Treatment consists of radiotherapy with or  –
without concurrent chemotherapy     

  Histopathology• 
   The World Health Organization classi fi es  –
NPC into three subtypes

   Type 1: Keratinizing squamous carcinoma   °
  Type 2: Nonkeratinizing squamous  °
carcinoma  
  Type 3: Poorly differentiated with highly  °
variable cell types     

  Types 2 and 3 are EBV-associated and have  –
better prognoses than type 1     

  Molecular pathology• 
   EBV has been implicated in the molecular  –
abnormalities leading to NPC, which con-

sist of a large variety of pathways and the 
alteration in expression of numerous 
proteins  
  EBV has tumorigenic potential due to a  –
unique set of latent genes: latent membrane 
proteins (LMP1, LMP2A, LMP2B) and 
EBV-determined nuclear antigens (EBNA1 
and EBNA2)  
  LMP1 is the principal oncogene of NPC  –
and is present in 80–90% of NPC tumors 
and activates a number of signaling 
pathways  
  LMP1 is also involved in suppressing  –
immunogenic responses against NPC  
  There is upregulation of cellular prolifera- –
tion pathways such as the Akt pathway, 
mitogen-activated protein kinases, and the 
Wnt pathway  
  Dysfunctional cell adhesion results from  –
abnormal E-cadherin and  b  (beta)-catenin 
function  
  There is dysregulation of p16, cyclin D1,  –
and cyclin E resulting in aberrations in the 
cell cycle  
  NPC also contains antiapoptotic mecha- –
nisms with upregulated antiapoptotic fac-
tors bcl-2, survivin, and telomerase  
  High levels of p53 are also found in NPC –

   Most head and neck cancers contain low  °
levels of p53 due to mutations  
  High LMP1 levels correlate with higher  °
p53 expression, which fail to induce 
apoptosis because of p53 inactivation  
  It is unclear why p53 levels in NPC  °
are high     

  p16 levels are decreased in NPC in two  –
thirds of NPCs  
  There are ongoing studies to develop molec- –
ularly based treatments against NPC        

   Sinonasal Malignancies 

    Malignancies of the nasal cavity and paranasal • 
sinuses comprise only 0.2–0.8% of all malig-
nant neoplasms  
  Sinonasal malignancies most commonly arise • 
in the maxillary sinus, followed by the nasal 
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cavity, the ethmoid sinus, and the sphenoid 
and frontal sinuses  
  The most common malignancy of the sinona-• 
sal tract is SCCA, followed by adenocarci-
noma, minor salivary gland tumors, and 
undifferentiated small cell tumors (olfactory 
neuroblastoma (ONB), melanoma, and sinon-
asal undifferentiated carcinoma)    

   Sinonasal Adenocarcinoma 
    Sinonasal intestinal type adenocarcinoma • 
(ITAC) is morphologically similar to col-
orectal adenocarcinoma and is associated 
with occupational exposures to wood or 
leather dusts  
  ITAC has a range of microscopic features• 

   Some tumors are indistinguishable from  –
colonic adenocarcinoma  
  Other tumors resemble mucinous or signet  –
ring cell carcinoma of the colon     

  The immunophenotypical and genetic pro fi le • 
suggest that ITAC tumorigenesis may have 
some distinct molecular mechanisms from 
colonic adenocarcinoma  
  The most commonly altered oncogenes are • 
p53 (18–40% of ITACs) and p16 (60% of 
cases)

   p53 mutations were detected in 86% of  –
adenocarcinomas  
  Overexpression of p53 has been observed  –
in 60% of cases     

  There are frequent losses at 18q, which is the • 
chromosome region which contains genes 
implicated in colorectal tumorigenesis, such 
as deleted in colon cancer gene (DDC)  
  Mucinous ITACs follow a distinct molecular • 
pathway from nonmucinous variants and pur-
sue an aggressive clinical behavior based on 
microarray analysis

   p53 expression greater than 20% was sta- –
tistically signi fi cantly higher in nonmuci-
nous ITAC  
  DDC was signi fi cantly lower in mucinous  –
versus nonmucinous ITAC  
  The absence of E-cadherin was present  –
signi fi cantly more in nonmucinous ITAC     

  Research examining the molecular basis for • 
sinonasal adenocarcinoma is ongoing to fur-

ther develop diagnostic, therapeutic, and prog-
nostic biomarkers     

   Small Round Blue Cell Tumors of the 
Sinonasal Area 

    These tumors represent diverse malignancies • 
of epithelial, hematolymphoid, neuroectoder-
mal, and mesenchymal origin which are chal-
lenging to differentiate because of overlapping 
cytomorphologic features  
  Small round blue cell tumors are a monotonous • 
population of undifferentiated tumor cells with 
small-sized nuclei and scant neoplasm  
  Immunohistochemistry is a technique which • 
aids in diagnosis  
  The discovery in recent years of chromosomal • 
alterations in certain small round blue cell 
tumors is becoming an invaluable tool in 
pathologic diagnosis of these tumors     

   Poorly Differentiated, Nonkeratinizing 
Squamous Cell Carcinoma 

    Poorly differentiated SCCA has histopatho-• 
logic features which overlap with other small 
round blue cell tumors  
  Immunohistochemistry is useful in diagnosis• 

   Cytokeratin immunoreactivity helps distin- –
guish poorly differentiated SCCA from ONB  
  The lack of immunoreactivity for synapto- –
physin, chromogranin, and CD56 distin-
guishes poorly differentiated SCCA from 
neuroendocrine type carcinoma     

  Recently, an undifferentiated carcinoma with • 
focal squamous differentiation arising in the 
midline of the sinonasal cavity has been 
described called NUT midline carcinoma 
(NMC), which is an aggressive lesion with a 
mean survival of 9 months

   They are thought to arise from primitive  –
neural crest-derived cells  
  NMC lack de fi nitive clinical and histologic  –
features, but are grouped together based on 
molecular rearrangements of the NUT gene 
on chromosome 15q14  
  Two-thirds of these tumors contain a  –
t(15;19)(q14;p13.1) translocation resulting 
in a chimeric fusion oncoprotein encoding 
BRD4-NUT  
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  Diagnosis is by FISH or RT-PCR to detect  –
NUT rearrangement  
  There are ongoing studies to develop anti- –
bodies and inhibitors against MYB-NFIB  
  This tumor is unique because it is de fi ned  –
molecularly        

   Sinonasal Undifferentiated Carcinoma 
(SNUC) 

    SNUC is a rare, highly aggressive carcinoma • 
that presents with locally extensive disease  
  This tumor tends to grow along the mucosal • 
surface, extending into super fi cial mucosal 
glands, and into lymphovascular spaces  
  Immunohistochemistry is not very useful in • 
establishing a diagnosis as they are immuno-
reactive for pancytokeratin and simple 
keratins  
  There are no known molecular diagnostic tests • 
to establish the diagnosis of SNUC     

   Small Cell Carcinoma, Neuroendocrine 
Type (SCCNET) 

    SCCNET is a high grade neoplasm that most • 
frequently arises from the superior or posterior 
nasal cavity with frequent sinonasal extension  
  Most are positive for cytokeratin and CD56; • 
EBV-RNA is negative  
  Cytogenetic studies for SCCNET have not yet • 
been discovered     

   Olfactory Neuroblastoma (ONB) 
    ONB originates from the olfactory bulb in the • 
region of the cribiform plate  
  The presence of  fi brillary cell processes, • 
Homer Wright rosettes, and S100-positive 
sustentacular cells when present are useful in 
diagnosis  
  Recently, array comparative genomic hybrid-• 
ization (aCGH) studies have shown complex 
gene copy number pro fi les with a gain of 13q, 
20q, and loss of Xp in high stage tumors     

   Sinonasal Mucosal Malignant Melanoma 
    The amelanotic variant of mucosal mela-• 
noma can be especially dif fi cult to accu-
rately diagnose  

  Diffuse immunostaining for S100, HMB45, • 
and vimentin are useful in distinguishing this 
malignancy  
  Diagnostic molecular studies are still being • 
developed     

   Extraskeletal Ewing Sarcoma/Primitive 
Neuroectodermal Tumor 

    CD99 immunoreactivity can be useful in dis-• 
tinguishing this tumor from other small round 
blue cell tumors, but is also positive in desmo-
plastic small round cell tumors, synovial sar-
coma, and lymphoma  
  Primitive neuroectodermal tumor has a char-• 
acteristic EWSRI-FLII fusion transcript or 
t(11;22)(q24;q12)

   Identifying this fusion transcript is diag- –
nostic of this tumor        

   Desmoplastic Small Round Blue Cell 
Tumor 

    Only a single case has been reported in the • 
sinonasal tract  
  Recognition of the t(11;22)(p13;q12) and • 
associated EWSR1-WT1 fusion transcript is 
necessary for diagnosis     

   Rhabdomyosarcoma 
    Embryonal and alveolar rhabdomyosarcoma • 
occur in the sinonasal cavity  
  The identi fi cation of the 2;13 and 1;13 trans-• 
locations or respective PAX3-FOXO1 and 
PAX3 variant translocations is extremely 
useful in diagnosis as the immunohistochem-
ical pro fi le of rhabdomyosarcoma can often 
be misleading

   These translocations create a chimeric  –
oncogene        

   Extramedullary Plasmacytoma 
    This tumor affects adults over the age of 65 • 
and involves the sinonasal cavity in 75% of 
cases  
  Diagnostic con fi rmation is based on immuno-• 
histochemistry or in situ hybridization for 
immunoglobulin mRNA with the identi fi cation 
of light chain restriction     
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   Extranodal NK/T Cell Lymphoma 
    NK/T cell lymphoma is an aggressive disease • 
known for necrosis, vascular invasion, and 
destruction  
  In situ hybridization demonstrating the pres-• 
ence of EBV virus by detecting EBV-encoded 
early RNAs in addition to an NK-cell immu-
nophenotype is diagnostic      

   Salivary Gland Malignancies 

   Mucoepidermoid Carcinoma (MEC) 
    Clinical• 

   MEC is the most common salivary gland  –
malignancy and appears in both minor and 
major salivary gland locations  
  MEC most commonly presents as a pain- –
less salivary gland mass (parotid gland is 
the most common location)  
  MEC occurs more commonly after radia- –
tion exposure  
  Clinical aggressiveness and rate of regional  –
metastasis depend on the histologic grade  
  Treatment for low and intermediate grade  –
MEC is wide local excision  
  Treatment for high grade MEC is wide  –
local excision, elective neck dissection, and 
postoperative radiation therapy     

  Histopathology• 
   Three cell types are required for diagnosis:  –
epidermoid, intermediate, and mucinous 
cells  
  Grading schemes rely on the percentage of  –
the tumor composed of cystic spaces and 
more recently on point systems     

  Molecular pathology• 
   A translocation between the MECT1 gene  –
and the MAML2 gene (t(11;19)(q12;p13)) 
has been identi fi ed, which initially appeared 
more prevalent in low and intermediate 
grade MEC than in high grade MEC; how-
ever, a recent study showed higher rates of 
this translocation in high grade MEC  
  The MECT1–MAML2 translocation can  –
be identi fi ed using  fl uorescent in situ 
hybridization or assays based on reverse 
transcription PCR  

  Some studies have demonstrated this trans- –
location in Warthin tumor  
  No other malignant salivary gland tumors  –
have shown this translocation        

   Adenoid Cystic Carcinoma 
    Clinical• 

   Presents most commonly as a painless sali- –
vary gland mass which can occur in both 
major and minor salivary glands  
  Adenoid cystic carcinoma (ACC) is known  –
for its propensity for perineural invasion 
and late recurrences both locoregionally 
and in the form of distant metastases  
  Treatment consists of wide local excision  –
of the involved salivary gland and postop-
erative radiation for positive margins and/
or perineural invasion     

  Histopathology• 
   ACC is a biphasic salivary gland tumor,  –
containing both epithelial and myoepithe-
lial cell components  
  Growth patterns fall into three groups:  –
tubular, cribiform, and solid types  
  The presence of a signi fi cant solid compo- –
nent > 30% is considered high grade and 
has a worse prognosis     

  Molecular pathology• 
   Interest in the molecular pathology of ACC  –
began with the identi fi cation of c-kit 
(CD117) overexpression in ACC, but most 
studies have found no evidence of c-kit 
mutations  
  Imatinib, a monoclonal antibody against  –
c-kit, has had low ef fi cacy in ACC  
  c-kit is seen in other tumors (polymor- –
phous low-grade adenocarcinoma and 
epithelial–myoepithelial carcinoma) and 
therefore cannot be used as a diagnostic 
marker in ACC  
  Recent studies have described a transloca- –
tion fusing the MYB gene and the NFIB 
gene into a chimeric transcript (t(6;9)(q22–
23;p23–24)) causing overexpression of 
MYB, which is speci fi c to ACC and can be 
potentially used not only as a biomarker for 
ACC, but also to determine potential down-
stream therapeutic targets  
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  Comparative genomic array technology  –
and loss of heterozygosity studies have not 
shown widespread loss and gain mutations, 
which are more common in more aggres-
sive tumors  
  Isolated genomic losses have been detected  –
at individual genomic loci, including loss 
of heterozygosity of 12q, 1p, and 9p  
  p53 is likely involved in high grade trans- –
formation of ACC, as these tumors overex-
press p53 and contain p53 gene mutations        

   Mammary Analog Secretary Carcinoma 
of the Salivary Gland 

    Clinical• 
   Newly described salivary gland tumor that  –
histologically resembles secretory carci-
noma of the breast and is an aggressive 
tumor  
  Most of these tumors have likely been mis- –
diagnosed as acinic cell carcinomas because 
of histologic overlap     

  Histopathology• 
   The tumor grows in an in fi ltrative pattern  –
with microcystic and tubular patterns  
  Secretary material within luminal spaces is  –
PAS positive and diastase resistant  
  Low-grade, bland, monomorphic nuclei  –
with vesicular type chromatin with promi-
nent centrally placed nucleoli  
  Positive for CK7, vimentin, and S100 on  –
immunohistochemistry     

  Molecular pathology• 
   Salivary gland mammary analog secretory  –
carcinoma contains a translocation between 
ETV6 and NTRK3 genes, similar to the 
tumor version in the breast  
  The translocation can be detected using  –
RT-PCR or  fl uorescent in situ hybridization         

   Thyroid Carcinoma 

    The rapidly expanding knowledge of molec-• 
ular genetics of thyroid cancer is beginning 
to translate into clinical practice to improve 
accuracy in preoperative diagnosis and 
prognostication    

   Papillary Thyroid Carcinoma (PTC) 
    PTC is the most common type of thyroid car-• 
cinoma, accounting for 80% of all thyroid 
malignancies  
  PTC carries point mutations of the BRAF and • 
RAS genes and rearrangements of RET/PTC 
and TRK

   All of these genetic alterations are able to  –
activate the mitogen-activated protein 
kinase (MAPK) pathway  
  These mutually exclusive mutations are  –
found in over 70% of PTCs     

  BRAF is a serine threonine kinase belonging • 
to the family of RAF proteins, which are intra-
cellular effectors of the MAPK signaling 
cascade

   Point mutations of the BRAF gene are the  –
most common genetic alteration in PTC, 
occurring in 40–45% of tumors (the most 
common point mutation is Valine to Glutamate 
substitution at residue 600, V600E)  
  Point mutations in BRAF lead to constitu- –
tive activation of BRAF kinase and chronic 
stimulation of the MAPK pathway  
  BRAF V600E is found in PTC with classic  –
pathology as well as the tall cell variant  
  BRAF V600E can also be seen in poorly  –
differentiated and anaplastic carcinomas, 
especially those containing areas of well-
differentiated PTC  
  BRAF V600E has not been found in folli- –
cular carcinomas and benign thyroid nod-
ules, making it a speci fi c marker of PTC 
and its related types  
  Studies have shown that BRAF V600E  –
testing in  fi ne needle aspiration (FNA) 
samples of thyroid nodules improves the 
accuracy of cytologic diagnosis (one large 
study showed a rate of malignancy of 99% 
in BRAF-positive nodules)  
  Molecular testing can be done using probe- –
speci fi c real-time PCR, real-time allele-
speci fi c PCR, direct sequencing, and 
colorimetric assay  
  BRAF V600E may also be a good prognos- –
tic marker for PTC; It is associated with 
more aggressive tumor characteristics such 
as extrathyroidal extension, advanced 
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tumor stage at presentation, and lymph 
node, or distant metastases  
  BRAF V600E has also been shown to be an  –
independent predictor of treatment failure, 
tumor recurrence, and tumor-related death  
  The prognostication of BRAF V600E has  –
also been shown in T1 PTC tumors and 
papillary microcarcinomas (tumors less 
than 1 cm)     

  The RET protooncogene encodes a cell mem-• 
brane receptor tyrosine kinase and is highly 
expressed in thyroid parafollicular or C cells, 
but not in follicular cells; it is activated by the 
RET/PTC chromosomal rearrangement

   11 types of RET/PTC rearrangements have  –
been reported with the two most common 
being RET/PTC1 and RET/PTC3  
  All fusions contain the intact tyrosine  –
kinase domain of the RET receptor, 
enabling the RET/PTC protein to activate 
the MAPK signaling pathway  
  RET/PTC has been detected in some ade- –
nomas and benign lesions, but clonal RET/
PTC (found in a signi fi cant portion of 
tumor cells) is speci fi c for PTC  
  For frozen or freshly collected tumor tissue  –
or FNA sample, RT-PCR is an adequate 
detection method  
  For formalin- fi xed and paraf fi n-embedded  –
tissue, FISH is the assay of choice; the 
assay should be set up to detect no fewer 
than 8–12% of cells with the rearrangement 
patterns  
  Clonal RET/PTC rearrangements are found  –
in 10–20% of adult sporadic PTCs; RET/
PTC occur in 50–80% of patients with a 
history of radiation exposure and in 
40–70% of PTCs in children and young 
adults  
  Testing for RET/PTC rearrangements is of  –
limited use in surgical specimens since 
PTC architecture is usually obvious, but 
they can be useful in preoperative diagno-
sis of thyroid nodules  
  Correlation between the RET/PTC rear- –
rangement and prognosis remains unclear     

  RAS genes encode G proteins located at the • 
inner surface of the cell membrane, which 

send signals from tyrosine kinase receptors 
and G-protein coupled receptors along the 
MAPK, PI3K/AKT, and other pathways

   In thyroid tumors, the most frequent muta- –
tions in RAS are NRAS codon 61 and 
HRAS codon 61  
  RAS mutations are found in all types of  –
thyroid follicular cell-derived tumors  
  RAS mutations are in 10–20% of PTCs;  –
almost all PTCs with a RAS mutation have 
a follicular variant histology  
  RAS mutations are found in 40–50% of  –
follicular thyroid carcinomas (FTC) and in 
20–40% of follicular adenomas  
  The RAS mutation cannot be used as a uni- –
versal prognostic marker, though a predis-
position for dedifferentiation and more 
aggressive behavior has been suggested in 
tumors with RAS mutations  
  Detection of a RAS mutation in a thyroid  –
nodule is strong evidence for neoplasia, but 
does not establish that it is a malignancy  
  Its importance is as a marker for the follic- –
ular variant of PTC which is dif fi cult to 
diagnose, especially on FNA        

   Follicular Thyroid Carcinoma 
    FTC is the second most common type of thy-• 
roid malignancy (15%)

   FTC is divided into conventional type and  –
oncocytic (Hurthle cell) type     

  FTCs contain RAS mutations or PAX8/PPAR • g  
(gamma) rearrangements

   These mutations are mutually exclusive  –
and occur in 70–75% of FTCs     

  The PAX8/PPAR • g  (gamma) rearrangement is 
a result of a t(2;3)(q13;p25) translocation that 
leads to the fusion between the PAX8 gene 
(encoding a paired domain transcription fac-
tor) and the peroxisome proliferator-activated 
receptor (PPAR g  [gamma]) gene

   PAX8/PPAR g  (gamma) is found in 30–40%  –
of follicular carcinomas  
  The rearrangement results in overexpres- –
sion of the PPAR g  (gamma) protein  
  Tumors with this rearrangement are usu- –
ally in younger patients, smaller and more 
often have vascular invasion  
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  The rearrangement is also found in as many  –
as 38% of follicular variant PTCs  
  The PAX8/PPAR g  (gamma) rearrangement  –
is also found in 2–13% of follicular 
adenomas  
  PAX8/PPAR g  (gamma) rearrangements  –
and RAS point mutations rarely occur in 
the same tumor, suggesting two different 
molecular pathways in the development 
of FTC  
  Detection of PAX8/PPAR  – g  (gamma) should 
prompt a further investigation into vascular 
or capsular invasion, though it is not fully 
diagnostic for a malignancy  
  PAX8/PPAR  – g  (gamma) rearrangement 
appears to be useful in preoperative FNA 
diagnosis, but more studies con fi rming this 
are needed        

   Medullary Thyroid Carcinoma (MTC) 
    MTC originates from thyroid parafollicular or C • 
cells and accounts for 3% of all thyroid cancers  
  Both familial and sporadic MTC frequently • 
possess point mutations in the RET gene     

   Poorly Differentiated and Anaplastic 
Thyroid Carcinomas (ATC) 

    Poorly differentiated and ATC arise de novo • 
or from preexisting well-differentiated PTC or 
FTC  
  Genetic alterations involving the PI3K/AKT • 
pathway have a higher prevalence in poorly 
differentiated thyroid tumors  
  Mutations in the TP53 and CTNNB1 genes • 
are also common       

   Summary of Key Points in the 
Molecular Pathology of Head 
and Neck Cancer 

   HNSCC 

    The most common cancer of the head and • 
neck is by far SCCA  
  HNSCCs arise from the epithelium lining • 
the sinonasal tract, oral cavity, pharynx, 

and larynx with evidence of squamous 
differentiation  
  Head and neck tumorigenesis is a multistep • 
process resulting from the accumulation of 
multiple genetic and epigenetic alterations.  
  Field cancerization refers to clones of pheno-• 
typically intact but genetically damaged cells 
which populate extended tracts of mucosa and 
give rise to secondary tumors  
  There has been an increase in incidence of • 
oropharyngeal SCCA in a population of 
younger patients without an alcohol and smok-
ing history attributed to HPV infection  
  HPV, especially type 16, is a causative agent • 
in 70% of oropharyngeal cancers and result in 
different clinical and pathological tumor 
behavior  
  HPV-positive tumors are more poorly differ-• 
entiated and have a higher propensity for 
regional lymph node metastases, but have a 
better response to treatment with signi fi cantly 
improved overall survival  
  The p53 and Rb tumor suppressor pathways are • 
frequently disrupted in head and neck tumorigen-
esis with various mechanisms including genetic 
and epigenetic silencing (in the majority of HPV-
negative HNSCC) and viral oncoprotein degra-
dation by E6 and E7 in HPV-positive HNSCC  
  Continuing research in the underlying molec-• 
ular genetics of HNSCC will help further elu-
cidate biomarkers to measure the presence, 
extent, and progress of disease  
  Molecular targeted therapy against EGFR in • 
HNSCC has been moderately successful; fur-
ther research will assist in producing therapy 
inhibiting other signaling pathways involved 
in head and neck tumorigenesis  
  The resolution of speci fi c genetic pro fi les for • 
each HNSCC is on the horizon with the goal 
of individualizing therapy targeting speci fi c 
gene alterations and signaling pathways  
  Early detection is the key to improve the sur-• 
vival of HNSCC patients  
  Saliva, a local bio fl uid for oral cancer, has • 
been shown to harbor clinical discriminatory 
proteomic and transcriptomic biomarkers, in 
addition to microRNAs     
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   Nasopharyngeal Carcinoma 

    The strong association between NPC and EBV • 
distinguishes NPC from other squamous cell 
carcinomas of the head and neck  
  The tumorigenic potential of EBV lies in its • 
set of latent membrane proteins (LMP) and 
EBV-determined nuclear antigens, of which 
LMP1 is the principal oncogene  
  The presence of EBV is necessary but not • 
suf fi cient in the tumorigenesis of NPC in 
which multiple cell signaling pathways are 
implicated  
  Studies are ongoing to develop molecularly • 
based treatments against NPC     

   Sinonasal Malignancies 

    Molecular cytogenetics is an ongoing  fi eld of • 
study in malignancies of the sinonasal tract, 
which include SCCA, adenocarcinoma, minor 
salivary gland tumors, and the various small 
round blue cell tumors  
  The molecular pathology of certain tumors in • 
the sinonasal tract is currently most helpful in 
differentiating tumors which demonstrate the 
small round blue cell morphology  
  Molecular markers for selected undifferenti-• 
ated sinonasal tumors allows for identi fi cation 
of tumors in which other diagnostic criteria 
may not be suf fi cient, which include NMC, 
Ewing sarcoma, alveolar rhabdomyosarcoma, 
and desmoplastic small round cell tumor     

   Salivary Gland Malignancies 

    The  fi eld of molecular biology in salivary • 
gland malignancies remains in development 
for diagnostic, prognostic, and therapeutic 
biomarkers  
  The MECT1–MAML2 translocation has • 
recently been described in Mucoepidermoid 
Carcinoma and has not been found in other 
salivary gland tumors  
  A translocation fusing the MYB and NFIB • 
genes into a chimeric transcript has been dis-

covered in ACC, which is a potential bio-
marker for diagnosis and developing 
downstream therapeutic targets     

   Thyroid Carcinoma 

    Many genetic mutations and molecular altera-• 
tions in PTC and FTC have been discovered  
  The most clinical experience has been with • 
the diagnostic use of the BRAF mutation, 
which is highly speci fi c for malignancy  
  Testing FNA samples for a panel of mutations • 
which includes BRAF, RAS, RET/PTC, and 
PAX8/PPAR g  (gamma) is suggestive of malig-
nancy if any of these are present and helps to 
clarify clinical management in patients with 
indeterminate cytology          

  Acknowledgements   Supported in part by the Felix and 
Mildred Yip Endowed Professorship and The Barnes 
Family Foundation Fund.  

      Suggested Reading 

    Bhaijee F, Pepper DJ, Pitman KT, et al. New develop-
ments in the molecular pathogenesis of head and neck 
tumors: a review of tumor-speci fi c fusion oncogenes 
in Mucoepidermoid carcinoma, adenoid cystic carci-
noma, and NUT midline carcinoma. Ann Diagn Pathol. 
2011;15:69–77.  

    Bridge JA, Bowen JM, Smith RB. The small round blue 
cell tumors of the sinonasal area. Head Neck Pathol. 
2010;4:84–93.  

    Califano J, van der Riet P, Westra W, et al. Genetic pro-
gression model for head and neck cancer: implications 
for  fi eld cancerization. Cancer Res. 1996;56:2488–92.  

    Chou J, Lin YC, Kim J, et al. Nasopharyngeal carci-
noma—review of the molecular mechanisms of tum-
origenesis. Head Neck. 2008;30:946–63.  

    Crowe DL, Hacia JG, Hsieh CL, et al. Molecular pathol-
ogy of head and neck cancer. Histol Histopathol. 
2002;17:909–14.  

    Figueiredo ML, Kim Y, St John MA, Wong DT. p12CDK2-
AP1 gene therapy strategy inhibits tumor growth in an 
in vivo mouse model of head and neck cancer. Clin 
Cancer Res. 2005;11:3939–48.  

    Franchi A, Palomba A, Cardesa A. Current diagnostic strat-
egies for undifferentiated tumours of the nasal cavities 
and paranasal sinuses. Histopathology. 2011a;59(6):1034–
45. doi:  10.1111/j.1365-2559.2011.03813.x    .  

    Franchi A, Palomba A, Fondi C, et al. Immunohistochemical 
investigation of tumorigenic pathways in sinonasal 

http://dx.doi.org/10.1111/j.1365-2559.2011.03813.x


32314 Molecular Pathology of Head and Neck Cancer

intestinal-type adenocarcinoma. A tissue microarray 
analysis of 62 cases. Histopathology. 2011b;59(1):98–
105. doi:  10.1111/j.1365-2559.2011.03887.x    .  

    Hu S, Arellano M, Boontheung P, et al. Salivary proteom-
ics for oral cancer biomarker discovery. Clin Cancer 
Res. 2008;14:6246–52.  

    Hunt JL. An update on molecular diagnostics of squamous 
and salivary gland tumors of the head and neck. Arch 
Pathol Lab Med. 2011;135:602–9.  

    Kim MA, Califano JA. Mini Review: molecular pathology of 
head-and neck cancer. Int J Cancer. 2004;112:545–53.  

    Mendelsohn AH, Lai CK, Shintaku IP, et al. Histopathologic 
 fi ndings of HPV and p16 positive HNSCC. 
Laryngoscope. 2010;120:1788–94.  

    Mendelsohn AH, Lai CK, Shintaku IP, et al. Snail as a novel 
marker for regional metastasis in head and neck squamous 
cell carcinoma. Am J Otolaryngol. 2011;33(1):6–13.  

    Nikiforov YE. Molecular diagnostics of thyroid tumors. 
Arch Pathol Lab Med. 2011;135:569–77.  

    Pai SI, Westra SH. Molecular pathology of head and 
neck cancer: implications for diagnosis, prognosis, 
and treatment. Annu Rev Pathol Mech Dis. 2009;4: 
49–70.  

    Park NJ, Zhou H, Elashoff D, Henson BS, Kastratovic 
DA, Abemayor E, et al. Salivary microRNA: discov-
ery, characterization, and clinical utility for oral can-
cer detection. Clin Cancer Res. 2009;15: 5473–7.  

    Sahu N, Grandis JR. New advances in molecular 
approaches to head and neck squamous cell carci-
noma. Anticancer Drugs. 2011;22:656–64.  

    St John MA, Li Y, Zhou X, et al. Interleukin 6 and inter-
leukin 8 as potential biomarkers for oral cavity and 
oropharyngeal squamous cell carcinoma. Arch 
Otolaryngol Head Neck Surg. 2004;130:929–35.      

http://dx.doi.org/10.1111/j.1365-2559.2011.03887.x


325L. Cheng and J.N. Eble (eds.), Molecular Surgical Pathology, 
DOI 10.1007/978-1-4614-4900-3_15, © Springer Science+Business Media New York 2013

   General Concepts 

   De fi nition 

    Bone and soft tissue tumors are neoplasms • 
arising from mesenchymal tissues of the body, 
which may be either benign or malignant, 
although most solid tumors for which molecu-
lar diagnosis is applied are malignant  
  Malignant bone and soft tissue tumors are • 
referred to as  sarcomas , and are classi fi ed pri-
marily by the type of tissue (e.g., liposarcoma 
[adipose], rhabdomyosarcoma [skeletal mus-
cle], chondrosarcoma [cartilage]), rather than 
by anatomic site     

   Clinical Features 

    Presentation, treatment, and outcome are het-• 
erogeneous, not only between different tumor 
types, but also within each tumor type. Some 
very coarse generalizations can be made, but 
exceptions are very common  
  Presentation, treatment, and prognosis are • 
dependent on disease  stage  (function of tumor 
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size, local extension, and distant spread), and 
 grade  (function of the microscopic features of 
the tumor cells and the architecture/pattern of 
their growth)  
  Sarcomas tend to spread to distant sites via • 
blood vessels  
  Bone and soft tissue sarcomas are much less • 
common than carcinomas in the USA (accord-
ing to American Cancer Society estimates for 
2011)

   ~14,000 new cancers/year out of a total of  –
~1,600,000 new cancers/year  
  ~5,500 deaths/year out of a total of  –
~570,000 deaths/year     

  Primary osseous neoplasms are less common • 
than primary soft tissue cancers (~3,000/year vs. 
~11,000/year), with a mildly higher lethality rate 
(~1,500 deaths/year vs. ~4,000 deaths/year)  
  Primary neoplasms of bone and soft tissue are • 
more common in children (~7% of childhood 
cancers) than in adults (<1%)     

   Basic Principles 

    Molecular pathology of sarcomas is also het-• 
erogeneous, but generally involves alteration(s) 
in genes encoding proteins critical for regulat-
ing cellular growth and proliferation, program-
med cell death (apoptosis), differentiation, 
and/or motility  
  Tumor suppressor genes (TSG) typically • 
inhibit cellular functions such as growth, pro-
liferation, and motility, but may also promote 
functions such as adhesion, apoptosis, differ-
entiation, and DNA repair

   TSGs are inactivated in cancer, by diverse  –
mechanisms including deletion, point 
mutation, promoter methylation, or chro-
mosomal rearrangement  
  Generally, both tumor suppressor alleles  –
are  inactivated  in a cancer (homozygous), 
although cancer may arise in association 
with haploinsuf fi ciency of some TSGs as a 
result of a single mutant allele  
  Many hereditary cancer syndromes involve  –
an inherited dysfunctional TSG (e.g.,  RB1  
in rtinoblastoma,  TP53  in Li–Fraumeni 

syndrome), and neoplasia result when the 
second allele is affected by a sporadic 
mutation (second hit) in a given tissue. 
These syndromes have dominant inheri-
tance patterns, even though both alleles are 
mutated in the tumors     

  Oncogenes typically promote cellular functions • 
such as growth, proliferation, and motility, but 
may also inhibit functions such as differentia-
tion, adhesion, DNA repair, and apoptosis

   Oncogenes are   – activated  in cancer, by 
diverse mechanisms including polyploidy, 
polysomy, gene ampli fi cation, chromo-
somal rearrangement, and point mutation  
  Generally, one oncogene allele is altered in  –
a cancer, unless the mechanism of alteration 
is ampli fi cation, polysomy, or polyploidy, 
in which case multiple copies are present     

  Sarcomas usually have characteristic, recur-• 
rent chromosomal translocations that have, in 
some instances, become criteria for the diag-
nosis of these tumors ( see  Table  15.1 ) 

   Some translocation breakpoints interrupt  –
genes directly, resulting in a novel fusion 
oncogenic protein, while other breakpoints 
may result in deregulated expression, gener-
ally overexpression, of the new fusion gene

   For example, t(11;22)(q24;q12) in  °
Ewing is sarcoma results in a hybrid 
protein containing the C terminal DNA-
binding domain of FLI1 (11q24) and the 
N terminal transactivating domain of 
EWSR1 (22q12), under the regulation 
of the constitutively expressed  EWSR1  
promoter. The result is increased tran-
scriptional activation of genes with FLI1 
binding sites, leading to increased cell 
growth and proliferation     

  Two common types of genetic alterations  –
have been observed: translocations form-
ing chimeric protein tyrosine kinases (ALK 
and ETV6–NTRK3) and translocations 
encoding a chimeric autocrine growth fac-
tor (COLA1A–PDGFB)  
  Many translocations have   – chromosomal vari-
ants , where one chromosome band is consis-
tently rearranged, but may be translocated to 
different chromosome partner regions
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   For example, 22q12 (  ° EWSR1 ) may be 
translocated to 11q24 ( FLI1 ), 21q12 
( ERG ), 7p22 ( ETV1 ), 2q33 ( FEV ), 
17q12 ( E1AF ), and 20q13 (NFATC2) in 
Ewing sarcoma  
  Many translocations have   ° molecular 
variants , where the breakpoints may 
vary within the involved gene(s), lead-
ing to fusion between different exons

      EWSR1–FLI1  fusions in Ewing is 
sarcoma commonly fuse exon 7 of 
 EWSR1  to either exon 5 or 6 of  FLI1 , 
although many other con fi gurations 
have been described     

  Some genes are involved in different  °
translocations in different type of lesions

   In addition to the Ewing sarcoma  
fusions,  EWSR1  is fused to  WT1  in 

   Table 15.1    Speci fi c chromosomal translocations in sarcomas   

 Tumors  Translocation  Molecular event 

 Alveolar rhabdomyosarcoma  t(2;13)(q35;q14)   PAX3–FOXO1  a  
 t(1;13)(p36;q14)   PAX7–FOXO1  a  
 t(2q35)   PAX3  

 Alveolar soft part sarcoma  t(X;17)(p11.2;q25)   ASPSCR1–TFE3  
 Angiomatoid  fi brous histiocytoma  t(2;22)(q32;q12)   EWSR1  a  –CREB1  

 t(12;16)(q13;p11)   FUS  a  –ATF1  
 t(12;22)(q13;q12)   EWSR1  a – AFT1  

 Clear cell sarcoma  t(12;22)(q13;q12)   ATF1–EWSR1  a  
 t(2;22)(q34;q12)   CREB1–EWSR1  a  

 Dermato fi brosarcoma protuberans  t(17;22)(q22;q13)   COL1A1–PDGFB  
 Desmoplastic round cell tumor  t(11;22)(p13;q12)   WT1–EWSR1  a  
 Endometrial stromal sarcoma  t(7;17)(p15;q21)   JAZF1–SUZ12  

 t(6;7)(p21;p15)   PHF1–JAZF1  
 t(10;17)(q22;p13)   YWHAE–FAM22A/B  

 Epithelioid hemangioendothelioma  t(1;3)(p36.3;q25)   WWTR1–CAMTA1  
 Ewing sarcoma/PNET b   t(11;22)(q24;q12)   EWSR1  a  –FLI1  

 t(21;22)(q22;q12)   b  EWSR1  a  –ERG  
 t(20;22)(q13;q22)   EWSR1  a  –NFATC2  
 t(16;21)(p11;q22)   FUS  a  –ERG  

 Infantile  fi brosarcoma  t(12;15)(p13;q25)   ETV6  a  –NTRK3  
 In fl ammatory myo fi broblastic tumor b   t(2;19)(p23;p13.1)   b  ALK  a  –TPM4  

 t(1;2)(q22–23;p23)   TPM3–ALK  a  
 Low grade  fi bromyxoid sarcoma  t(7;16)(q33;p11)   FUS  a  –CREB3L2  

 t(11;16)(p11.2;p11)   CREB3L1–FUS  a  
 Myoepithelioma, soft tissue  t(19;22)(q13;q12)   EWSR1  a  –ZNF444  

 t(1;22)(q23;q12)   EWSR1  a  –PBX1  
 t(6;22)(p21;q12)   EWSR1  a  –POU5F1  

 Myxoid chondrosarcoma, extraskeletal  t(9;22)(q22;q12)   NR4A3–EWSR1  a  
 t(9;17)(q22;q11)   NR4A3–RBP56  
 t(9;15)(q22;q21)   NR4A3–TCF12  

 Myxoid liposarcoma  t(12;16)(q13;p11)   FUS  b  –DDIT3  a  
 t(12;22)(q13;q12)   EWSR1  a  –DDIT3  a  

 Myxoin fl ammatory  fi broblastic tumor  der(10)t(1;10)(p22;q24)   TGFBR3–MGEA5  
 Synovial sarcoma  t(X;18)(p11;q11)   SS18  a  –SSX1  

  SS18  a  –SSX2  

   a Dual color, break apart probes available commercially 
  b Other chromosome partners have been described  
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desmoplastic small round cell tumor, 
to  NR4A3  in extraskeletal myxoid 
chondrosarcoma to  ATF1  in clear 
cell sarcoma and angiomatoid  fi brous 
histiocytoma, to DDIT3 in myxoid 
liposarcoma        

  Although most translocations are unique to  –
a speci fi c sarcoma, some translocations can 
be seen in different tumor types, including 
epithelial cancers

     ° ETV6–NTRK3  fusions are seen in con-
genital mesoblastic nephroma, secretory 
breast carcinoma, and isolated cases of 
acute myeloid leukemia  
    ° EWSR1–ATF1  fusions are seen in 
angiomatoid  fi brous histiocytoma, clear 
cell sarcoma, and hyalinizing clear cell 
carcinoma of the salivary glands  
    ° EWSR1–POUF5  fusions are seen in soft 
tissue myoepithelioma, hidradenoma of 
the skin, and mucoepidermoid carci-
noma of salivary glands  
    ° ALK  rearrangements are seen in ana-
plastic large cell lymphoma, nonsmall 
lung carcinoma, and in fl ammatory 
myo fi broblastic tumor        

  Numerical abnormalities of whole chromo-• 
somes (e.g., trisomy, monosomy) or subchro-
mosomal regions (e.g., ampli fi cation) tend to be 
less speci fi c, secondary alterations in sarcomas  
  Because different sarcomas may require differ-• 
ent, speci fi c assays, and sarcomas are suf fi ciently 
uncommon that control materials and expertise 
can be hard to accumulate, few labs offer a com-
prehensive menu for sarcoma testing  
   • Nomenclature  for genes is inconsistent, and 
subject to revision. We have chosen to use the 
Human Genome Organization (HUGO  [sic] )-
standardized nomenclature, but when each 
gene is  fi rst discussed, we also include, in 
parentheses, the legacy name used in the origi-
nal papers

   For example, when the gene at the chromo- –
some 22 breakpoint in t(11;22) is  fi rst pre-
sented, it is as  EWSR1  ( EWS ), because 
 EWSR1  is the standard nomenclature 
according to HUGO, while EWS was the 
name  fi rst given to this gene upon its dis-

covery in Ewing sarcoma. Subsequently in 
the text, however, this gene will be referred 
to solely as  EWSR1 , for simplicity         

   Molecular Diagnostics of Soft Tissue 
and Bone Tumors 

   Test Indications 

    Diagnosis, usually as an adjunct to morphol-• 
ogy and immunohistochemistry (IHC)  
  Prognosis  • 
  Theranosis, selection of therapies targeted to • 
speci fi c molecular genetic abnormalities  
  Risk assessment for hereditary cancer • 
syndromes  
  Minimal disease testing, either for monitoring • 
success/failure of therapy or for screening 
(less well developed for sarcomas)     

   General Technical Considerations 

    Sampling: cancers are somatic diseases, and • 
the lesion itself must be analyzed, which is 
likely to require an invasive procedure

   Less invasive techniques, including small  –
biopsies,  fi ne needle aspiration, brushing, 
and  fl uid collection, tend to yield small 
amounts of cancer cells admixed with 
benign cells that can interfere with some 
kinds of analysis     

  Fixation: most archived tumor samples are • 
embedded in paraf fi n after  fi xation in formalin 
(FFPE), which cross-links DNA–RNA–
proteins, inactivating the proteins and protect-
ing the nucleic acids from digestion

   DNA isolated from FFPE tissues breaks  –
into pieces roughly 500 bp or smaller dur-
ing isolation, so techniques that require 
larger stretches of DNA are unreliable for 
these samples  
  Some other  fi xatives (e.g., Zenker, B5)  –
contain heavy metals that inhibit enzymes 
(e.g.,  Taq  polymerase) used for molecular 
diagnosis, and other tissue treatments 
(Bouin, bone decalcifying) contain acids 
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that damage nucleic acids and/or inhibit 
testing (e.g.,  fl uorescence in situ hybridiza-
tion or FISH)  
  Samples that are not  fi xed promptly undergo  –
nucleic acid degradation from ubiquitous 
nucleases, which impairs analysis, espe-
cially for RNA  
  Tissue additives are available that report to  –
preserve nucleic acids if applied at the time 
of  fi xation; however, they have yet to gar-
ner widespread use     

  Heterogeneity: most tumors contain an admix-• 
ture of the cancer cells with benign cells ( see  
Fig.  15.1 ), including residual normal tissue 
in fi ltrated by the cancer, reactive elements 
(e.g., lymphocytes, macrophages, and 
 fi broblasts) recruited and/or stimulated to try 
to contain the cancer, and foci of necrosis. In 
general, this is more of a problem for carcino-
mas than for sarcomas, which tend to over-
grow tissue in continuous fashion 

   The cancer cells themselves may also be  –
heterogeneous, such that genetic changes 
in one part of the tumor may not be seen in 
another part  
  Some techniques are particularly unreliable  –
for heterogeneous samples, and partial 
puri fi cation of the cancer cells (e.g., micro-

dissection or  fl ow cytometric sorting) may 
be required before analysis. Direct sequence 
analysis, for example, requires that approx-
imately 20% of the sample DNA contains 
the mutation in order for it to be reliably 
detected  
  Mutation screening (e.g., single-stranded  –
conformational polymorphism [SSCP], 
heteroduplex-mismatch cleavage, denatur-
ing gradient gel electrophoresis [DGGE], 
DNA analysis by denaturing high perfor-
mance liquid chromatography [DHPLC], 
high resolution melting (HRM) analysis) 
methods are often less affected by hetero-
geneity, but may yield incomplete informa-
tion requiring followup with another assay 
to de fi ne the exact molecular variation  
  Allele-speci fi c ampli fi cation and hybrid- –
ization techniques are considerably less 
affected by heterogeneity, but are restricted 
to the exact sequence variants tested  
  Heterogeneity is less of a limitation for in  –
situ hybridization (ISH) techniques, where 
analysis is performed cell by cell with cor-
relative histology to con fi rm that tumor 
cells are being analyzed and not the inter-
mingled benign cells  
  IHC can be used to detect molecular abnor- –
malities that alter the level of expression of 
a protein. IHC is less useful for detecting 
mutations that alter the function of a pro-
tein without changing its abundance, unless 
the mutation alters a speci fi c epitope recog-
nized by a monoclonal antibody        

   Basic Methodologies 

    Karyotype analysis (Fig.  • 15.2 ) provides a gen-
eral assessment of large chromosomal abnor-
malities, including numerical abnormalities 
and large rearrangements 

   Requires fresh tissue   –
  Most sarcomas grow well in short-term  –
culture, requiring 3–4 days  
  Cultured cells are arrested in metaphase,  –
then stained, usually with Giemsa (GTG-
banding)  

  Fig. 15.1    A sarcoma showing intratumor heterogeneity. 
The malignant cells grow in sheets that are intimately 
intermingled with reactive, benign elements, including 
in fl ammatory cells, entrapped soft tissue, and blood ves-
sels. A DNA sample from this section of a sarcoma would 
contain admixed malignant and benign DNA, which may 
make certain types of DNA analysis challenging       
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  Admixture of benign stromal cells is a  –
concern  
  Subtle and cryptic translocations can be  –
very dif fi cult to detect by standard GTG-
banding, as can small deletions and 
ampli fi cations     

  ISH enables detection of speci fi c chromo-• 
somal abnormalities, including subtle or cryp-
tic rearrangements, and small deletions and 
ampli fi cations

   Requires a prior knowledge of a suspected  –
aberration  
  Probes hybridize to unique locus-speci fi c  –
DNA sequences, which are usually genomic 
clones but may be cDNAs, and vary in size 
from about 1 to 100s of kb  
  May be done with radioactive (ISH),  –
 fl uorescent (FISH), chromogenic (CISH), 
or silver (SISH) probes for detection  

  FISH, CISH, and SISH enable rapid  –
detection  
  CISH and SISH enable immediate correla- –
tion of the hybridization signal with histo-
pathology, which is particularly valuable 
for heterogeneous samples

   The number of colors that can be distin- °
guished with light microscopy limits 
CISH and SISH; most applications are 
for numerical alterations (e.g., aneu-
ploidy, ampli fi cation)     

  FISH, by using different colored probes,  –
enables simultaneous detection of more 
than one chromosomal region, which is 
particularly valuable for analyzing multiple 
abnormalities within a single cell, or for 
analysis of chromosomal translocations

   Correlation of FISH signals with histo- °
pathology is more dif fi cult     

  Fig. 15.2    Classic sarcoma partial GTG-banded karyotypes depicting recurrent chromosomal rearrangements observed 
in sarcomas          
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  However, most laboratories do FISH on  –
metaphase spreads from cultured samples 
or interphase nuclei, and/or CISH on FFPE 
tissue sections

   Metaphase FISH has the same sample  °
requirements as conventional karyotyping  
  Interphase FISH can be performed on  °
intact nuclei (nondividing cells) from 
cytologic samples (touch or smear prep-
arations,  fl uid cell suspensions), or from 
whole tissue samples (enzymatic disag-
gregation or histologic sections)

   Standard histology (4    m m) sections 
can miss signals due to sectioning 
through the nucleus, and require 
analysis of many more cells  
  50    m m thick sections enable evalua-
tion of intact nuclei and de fi nitive 
interpretation  
  Poor cell preservation/morphology  
can impair interpretation           

  Two different types of hybridization strategies • 
(break apart, dual fusion) can be used to detect 
translocations ( see  Fig.  15.3 ) 

     – Break apart  assay design uses differentially 
(usually red/green) labeled probes that 
hybridize to the 5 ¢  and 3 ¢  side, respectively, 
of one of the breakpoints in a translocation, 
with suf fi cient proximity that in normal (non-
translocated) alleles, the two probes overlap 
optically to give a fused (yellow) signal; 
however, in a translocation, the red and green 
signals are separated and detected separately

   Break apart probe designs offer the  °
greatest sensitivity for detection of rear-
rangements that consistently involve 
one chromosomal region (e.g.,  EWSR1 ), 
but which may have many different 
chromosomal variants; however, this 
design cannot identify the translocation 
partner, and therefore cannot distinguish 
between chromosomal variants  

  Fig. 15.3    Examples of two different types of hybridiza-
tion strategies for locus-speci fi c probes: ( a ) A break apart 
probe shows a  FUS  gene rearrangement at 16p11 from a 
t(7;16)(q34;p11), a characteristic abnormality in low 
grade  fi bromyxoid sarcoma. Two differently labeled 
probes (spectrum  orange  and spectrum  green ) hybridize 
to opposite sides of the breakpoint of the  FUS  gene located 
at 16p11. The 16p11  FUS  region in its normal state would 
be seen as two immediately adjacent or fused 
 orange  +  green  ( yellow ) signals. However, if a rearrange-
ment at 16p11 region has occurred, as in this example, 

separate  orange  and  green  signals would be seen. ( b ) A 
dual fusion probe shows a  BCR/ABL  fusion from a t(9;22)
(q34;q11.2), a characteristic abnormality in chronic 
myelocytic leukemia. Two differently labeled probes 
(spectrum  orange  and spectrum  green ) each hybridize 
near one of the chromosomal breakpoints involved in a 
translocation. The 9q34  ABL1  and 22q11.2  BCR  regions 
in their normal state would be seen as two separate  orange  
and  green  signals. However, if a t(9;22) has occurred, as in 
this example, two immediately adjacent or fused 
 orange  +  green  ( yellow ) signals would be seen       
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  Most commercial FISH probe kits are  °
for break apart probe designs     

    – Dual fusion  assay design uses differentially 
labeled (usually red/green) probes that each 
hybridize near one of the chromosomal 
breakpoints involved in a translocation, 
such that a fused (yellow) signal is seen 
when the translocation is present, but sepa-
rate red and green signals are seen in nor-
mal (untranslocated) alleles

   Dual fusion probe designs can distin- °
guish between chromosomal variants of 
translocations, but require a separate 
assay for each variant to be tested        

  No ISH assays can distinguish between molec-• 
ular variants  
  ISH can also be used to detect gene • 
ampli fi cations and deletions, but scoring sys-
tems may vary, and take on greater signi fi cance 
when FISH is performed on 4- or 5- m m sec-
tions because of sectioning through the 
nucleus  
  Polymerase chain reaction (PCR) enables • 
analysis of very small genetic changes, includ-
ing point mutations, microdeletions/insertions, 
and molecular variants of translocations

   Fresh or frozen tissue is optimal, but FFPE  –
tissues work consistently for amplicons 
less than approximately 500 bp; larger 
amplicons will amplify inconsistently  
  Simple detection involves slab gel or capil- –
lary electrophoresis

   Sensitivity may be enhanced by a vari- °
ety of techniques, including real time 
probe detection, and Southern transfer 
of the PCR product followed by oligo-
nucleotide probe hybridization     

  PCR may be used to prepare DNA for other  –
detection strategies (e.g., direct sequencing, 
oligonucleotide hybridization, restriction 
digestion) or mutation screening approaches  
  DNA PCR is generally not used often for  –
translocations because breakpoints are usu-
ally in introns, requiring a very large PCR 
product; reverse transcription-PCR 
(RT-PCR) is preferable because exon prim-
ers can  fl ank breakpoints and give a small 
enough amplicon for successful analysis  

  “Real time” PCR can be used to quantitate  –
gene dosage  
  Contamination of PCR reactions with PCR  –
products from previous assays is a problem 
for clinical testing, and countermeasures 
include

     ° Ultraviolet irradiation  of consumables 
to damage carryover PCR products  
    ° Physical separation  of assay setup, 
ampli fi cation, and detection  
    ° Meticulous cleansing  of work benches 
with bleach  
    ° Dedicated supplies and reagents  for 
PCR use  
    ° One-step PCR protocols , as opposed to 
nested protocols  
    ° Spinning PCR tubes  brie fl y before 
opening  
    ° Closed tube detection systems , such as 
“real time” PCR  
    ° Uracil-N-glycosylase  endonuclease, 
used with a dNTP mix containing dUTP 
in place of dTTP, to destroy carryover 
PCR product        

  Direct Sanger dideoxyterminator sequence • 
analysis ( see  Fig.  15.4 ) is considered the diag-
nostic “gold standard” for detection of point 
mutations and small deletions and insertions 

   Ampli fi cation is usually required  fi rst   –
  Intratumor heterogeneity is highly prob- –
lematic, and most automated sequence ana-
lyzers cannot distinguish a mutation from 
background noise if the mutant allele 
accounts for less than approximately 20% 
of the total DNA  
  Sensitivity may be extended considerably  –
by mutant enrichment strategies, includ-
ing silencing of wild-type alleles with 
peptide nucleic acid (PMA) or locked 
nucleic acid (LNA) probes, selective 
ampli fi cation of mutant sequences with 
lower denaturation temperatures in the 
PCR (COLD-PCR), or restriction diges-
tion of wild-type sequence between stages 
of a nested reaction  
  Method of choice for genes with a very wide  –
spectrum of mutations, or for which the 
mutation spectrum is not fully characterized  
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  “Next generation” sequencing technologies  –
that involve massive-scale parallel sequenc-
ing of individual template strands hold great 
promise for multiplexed sequence analysis 
of speci fi c targets or whole exomes/genomes 
from samples

   Because of low throughput and high cost,  °
these technologies are currently best suited 
for research applications, but are likely to 
become standard clinical instruments as 
speed increases and cost decreases        

  Allele-speci fi c ampli fi cation or hybridization • 
enables fast and sensitive diagnosis of speci fi c 
point mutations

   The exact mutation must be known; novel  –
mutations will be missed  
  Allele-speci fi c hybridization assays range  –
from simple paper dot blots to massively 
multiplexed silicon chip microarrays

   Large-scale analysis of thousands of genes  °
at once can be performed with microar-
rays to study patterns of gene expression 
or ampli fi cation/deletion, which may be 
used to classify a solid tumor  

  Currently, however, these techniques are  °
most employed in research studies to 
discover a more limited number of can-
didate diagnostic markers for subse-
quent focused analysis  
  Comparative methods require careful and  °
controversial selection of control samples        

  RT-PCR ( • see  Fig.  15.5 ) uses RNA to detect 
small molecular variations as with DNA PCR, 

  Fig. 15.4     KIT  mutation detection in a gastrointestinal 
stromal tumor (GIST) by direct sequence analysis. An 
18 bp deletion in exon 11 is shown, which results in appar-
ent sequence noise due to superposition of mutant 

sequence bearing the deletion and wild-type sequence 
lacking the deletion. By sequencing in both directions, the 
precise boundaries of the deletion can be determined       

  Fig. 15.5    RT-PCR for  JAZF1-SUZ12  ( JJAZ1 ) fusion 
transcript in endometrial stromal sarcoma.  GAPDH  is 
used as a reference gene, to ensure adequate analysis of 
RNA from cases with no detectable  JAZF1-SUZ12  fusion 
transcript. Cases 1 through 9 show results from several 
patients with endometrial stromal tumors: cases 1, 4, 5, 7, 
8, and 9 are positive, while cases 2, 3, and 6 are negative 
(photo adapted from a generous gift of Dr. Jeffrey Sklar, 
Yale University School of Medicine)       
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but principal differences include variable tem-
plate expression and absence of introns 

   Distinction of molecular variants is one of  –
the primary indications for RT-PCR  
  Fresh or frozen tissue is optimal; formalin- –
 fi xed tissues require a very small (e.g., 
<200 bp) RT-PCR product for most consis-
tent results, but are often problematic 
regardless  
  RNA is very susceptible to degradation  –
from ubiquitous RNases, and meticulous 
technique is required, as are prompt and 
thorough tissue preservation  
  RT-PCR is prone to contamination in the  –
same way as is PCR, and the same precau-
tions apply, with the addition of “no RT” 
controls  
  RT-PCR requires different primers for each  –
chromosomal variant, and likely for differ-
ent molecular variants also  
  “Real time” RT-PCR can be used to quanti- –
tate gene expression     

  Southern blot hybridization enables detection • 
of chromosomal rearrangements and molecular 
variants, as well as large intragenic deletions

   Need sample frozen or fresh tissue   –
  Technically challenging, slow, costly, usu- –
ally radioactive; near obsolete  
  Can distinguish between molecular vari- –
ants, potentially with a single assay design, 
but multiple probes and enzymes may be 
needed, depending on intron size and dis-
tance between breakpoints  
  Most useful for alterations spanning too  –
great a distance for simple PCR, yet too 
small for FISH (e.g., large intragenic 
deletions)     

  IHC is a surgical pathology technique that • 
uses antibodies directed against proteins 
whose expression is an indication of underly-
ing molecular pathology

   Antibodies are applied directly to tumor  –
sections on a glass slide, are detected with 
a chromogenic substrate, and enable rapid 
assessment of individual tumor cells by a 
trained pathologist  
  Two broad types of antibodies are used:  –
polyclonal and monoclonal

   Polyclonal antibodies are developed by  °
inoculating an animal (most often a rab-
bit) with the target protein; the animal 
mounts an immune response and anti-
bodies are puri fi ed from its serum

   Typically, polyclonal antibodies have  
broad and variable speci fi city and 
strength, and vary considerably from 
one lot to another     

  Monoclonal antibodies are produced by  °
fusing in vitro the splenocytes from an 
inoculated animal (typically mouse) with 
myeloma cells, forming “hybridoma” 
cells that are separated and grown indi-
vidually in culture. The hybridoma cells 
secrete individual immunoglobulins, 
which can be harvested from culture

   Typically, monoclonal antibodies are  
very speci fi c to an individual anti-
genic epitope, and are very strong. 
They can be renewed in culture and, 
therefore, have less lot–lot variation        

  Most IHC antibodies are directed against a  –
normal protein, and are used to detect 
abnormalities that change the amount of 
expression of either a normal protein or an 
abnormal fusion protein that has the nor-
mal antigenic epitope  
  Newer approaches at developing mutant  –
protein-speci fi c antibodies hold promise 
for distinguishing abnormal proteins from 
normal proteins. These are most useful in 
tumors with one or a limited number of 
molecular variants         

   Speci fi c Sarcomas 

   Alveolar Rhabdomyosarcoma 

    Basic pathology ( • see  Fig.  15.6 ) 
   Malignant neoplasm of skeletal muscle,  –
with characteristic histology  
  Nests of small, round, undifferentiated cells  –
separated by thin  fi brous septae     

  Clinical features• 
   Occurs primarily in 10–30-year-old patients   –
  20% of all rhabdomyosarcomas   –
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  Presents most commonly in extremities  –
and perineum  
  Prognosis is poor; worst of all rhabdomyo- –
sarcoma variants  
  Treatment is chemotherapy      –

  Molecular genetic pathology• 
   t(2;13)(q35;q14) in approximately 70% of  –
cases ( see  Fig.  15.2A )

     ° PAX3  gene (at 2q35) breakpoint in 
intron 7  
    ° FOXO1  (FKHR) gene (at 13q14) break-
point in intron 1  
  Fusion protein contains the N terminal  °
DNA-binding domain of  PAX3  and the 
C terminal transcription activating 
domain of  FOXO1 , leading to oncogen-
esis through activation of growth and 
proliferation genes with  PAX3  binding 
sites, including  MITF  and  PDGFB      

  t(1;13)(p36;q14) in approximately 10% of  –
cases

     ° PAX7  gene (at 1p36) breakpoint in 
intron 7  
    ° FOXO1A  gene (at 13q14) breakpoint in 
intron 1     

  Fusion gene organization and consequence  –
are analogous to the  PAX3–FOXO1  fusion

     ° PAX7–FOXO1  is commonly ampli fi ed 
on double minute chromosomes     

  20% of cases have neither t(2;13) nor t(1;13) –
   These cases represent a genetically hetero- °
geneous subgroup, with some that have 
variant translocations involving related 
members of the  PAX  and/or  FOXO1  gene 
families (e.g.,  PAX–NCOA1 ,  PAX3–AFX ), 
and some that truly lack rearrangements or 
have other types of genetic abnormalities        

  Molecular diagnostics• 
   Test indications –

   Establish diagnosis   °
  Prognosis:   ° PAX7–FOXO1  cases are 
associated with localized lesions and 
favorable prognosis  
  Minimal residual disease detection after  °
therapy, bone marrow involvement     

  Additional technical considerations –
   FISH: commercial break apart probe is  °
available for  FOXO1  but cannot distin-
guish between the two chromosomal 
variants, t(2;13) and t(1;13)( PAX3–
FOXO1  and  PAX7–FOXO1 )  
  RT-PCR: many different designs have  °
been reported, including oligo dT/
random/ FOXO1A -speci fi c primers for RT, 
one-step/two-step/nested ampli fi cation, 
and gel electrophoresis/Southern transfer 
probe hybridization/real time detection

   Wild-type    FKHR  is constitutively 
expressed and can serve as control 
transcript  
  Breakpoints are restricted to intron 7  
of  PAX3/PAX7  and intron 1 of 
 FOXO1 , but are variable within these 
large introns, precluding DNA analy-
sis by PCR  
  Consensus    PAX  primers can be 
designed, enabling ampli fi cation of 
both chromosomal variants with one 
reaction     

  Southern blot: multiple probes/digests  °
needed due to large introns (20 kb for 
 PAX  genes, 130 kb for  FKHR ) with 
varying breakpoints     

  Additional interpretive considerations –
     ° PAX7–FOXO1A  is commonly ampli fi ed 
on double minute chromosomes in a 
subgroup of ARMS  

  Fig. 15.6    Alveolar rhabdomyosarcoma, showing the 
characteristic pattern of tumor cell growth, with tumor 
cells adherent to the periphery of, and  fl oating dyscohe-
sively within, alveolar spaces separated by  fi brous septae 
(slide courtesy of Dr. Christopher Fletcher, Brigham and 
Women’s Hospital)       
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  Fusion-negative cases have outcomes  °
intermediate between those with  PAX7–
FOXO1  and  PAX3–FOXO1   
  Fusion transcript can be detected in  °
samples in the absence of morphologic 
evidence of disease, suggesting a role in 
minimal residual disease testing           

   Alveolar Soft Part Sarcoma 

    Basic pathology ( • see  Fig.  15.7 ) 
   Mesenchymal tumor of uncertain histogen- –
esis with distinctive morphology

   Alveolar nests of tumor cells surrounded  °
by reticulin framework  
  Uniform round cells with single nuclei   °
  Periodic acid Schiff (PAS)-positive  °
granular cytoplasmic crystals  
  Characteristic rectangular/rhomboid  °
cytoplasmic crystals seen with electron 
microscope        

  Clinical features• 
   Often occurs in second or third decade,  –
more frequently in females  
  Extremities (especially, thighs/buttocks)  –
and orbit are most common sites, but also 
in sites with no skeletal muscle  
  Relatively indolent clinical course, with  –
approximately 50% 10-year survival, but 

distant metastases are common and most 
patients die of the disease  
  Tumors are refractory to chemotherapy, and  –
treatment is aggressive surgical excision     

  Molecular genetic pathology• 
   der(17)t(X;17)(p11.2;q25) in approxi- –
mately 100% ( see  Fig.  15.2B )

     ° TFE3  gene (at Xp11.2) breakpoints in 
introns 1 and 2  
    ° ASPSCR1  ( ASPL ) gene (at 17q25)  
  Fusion protein contains the N terminus  °
of ASPSCR1 and the C terminus of 
TFE3, including TFE3 DNA-binding 
domain, under regulation of  ASPSCR1  
promoter        

  Molecular diagnostics• 
   Test indications: establish diagnosis   –
  Additional technical considerations –

   Karyotype: unbalanced translocation,  °
der(17): the reciprocal translocation 
partner, der(X), is usually absent  
  FISH: no commercial probes are cur- °
rently available  
  RT-PCR: not commonly performed, as  °
signi fi cance of distinguishing molecular 
variants (intron 1 or intron 2 TFE3 
breakpoints) is unclear  
  IHC: nuclear localization of TFE3 is  °
sensitive and speci fi c, and is the sim-
plest and most widely employed diag-
nostic method     

  Additional interpretive considerations –
   A balanced translocation, t(X;17) °
(p11.2;q25), involving the same TFE3 
and ASPSCR1 genes, is seen in a speci fi c 
subset of renal adenocarcinomas, in 
pediatric and young adult patients           

   Angiomatoid Fibrous Histiocytoma 

    Basic pathology• 
   Tumors can resemble hemangioma, with  –
nests of histiocyte-like cells, hemorrhagic 
spaces, and chronic in fl ammatory cells  
  Multiple nonendothelialized pseudovascu- –
lar spaces with recent and old hemorrhage 
present     

  Fig. 15.7    Alveolar soft part sarcoma, showing the char-
acteristic alveolar pattern of growth, with well-circum-
scribed round nests of uniform, eosinophilic, polygonal 
tumor cells. A reticulin stain would highlight the boundar-
ies of the tumor cell nests, and a PAS stain would demon-
strate cytoplasmic crystals       
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  Clinical features• 
   Painless, slow growing, subcutaneous  –
mass, primarily in the extremities  
  Typically affects children/teens   –
  Symptoms may include fever, anemia,  –
weight loss  
  Wide local excision is typically suf fi cient,  –
as the tumor has a very low rate of 
metastasis     

  Molecular genetic pathology• 
   t(12;16)(q13;p11) associated with   – ATF1–
FUS  fusion

     ° FUS1  gene (at 16p11), exon 5  
    ° ATF1  gene (at 12q13), exon 5     

  t(12;22)(q13;q12) associated with   – EWSR1 –
 ATFI  gene fusion

     ° EWSR1  gene (at 22q12), exon 7  
    ° ATF1  gene (at 12q13), exon 5     

  t(2;22)(q34;q12) associated with   – EWSR1–
CREB1  gene fusion

     ° EWSR1  gene (at 22q12), exon 7  
    ° CREB1  gene (at 2q34), exon 7  
  Although these fusions were not  °
described initially in AFH,  EWSR1–
CREB1  fusion may be the most com-
mon rearrangement in this tumor     

  Each EWSR1 fusion protein retains the  –
bZIP domain mediating DNA-binding and 
dimerization of CREB1 or ATF1. The 
kinase inducible domain (KID), which is 
either excluded or truncated in different 
forms of EWSR1–ATF1, is not included in 
EWSR1–CREB1     

  Molecular diagnostics• 
   Test indications: establish diagnosis   –
  Additional technical considerations –

   FISH: commercial break apart probe is  °
available for  FUS  and  EWSR1 

   FISH for    EWSR1  cannot distinguish 
between t(12;22); and t(2;22); clini-
cal signi fi cance of this distinction is 
unclear     

  IHC:TFE3 but not MITF-M is overex- °
pressed in the EWSR1–ATF1 positive 
tumors     

  Additional interpretive considerations –
   Both t(12;22) and t(2;22) have also been  °
reported in clear cell sarcoma  

  The t(12;22) has been also reported in  °
hyalinizing clear cell carcinoma of the 
salivary glands           

   Atypical Lipoma/Well-Differentiated 
Liposarcoma/Dedifferentiated 
Liposarcoma 

    Basic pathology• 
   Low grade neoplasm of adipose tissue with  –
several morphologic subtypes, including 
lipoma-like (most common), sclerosing, 
and in fl ammatory  
  All have mature fat with variably-sized adi- –
pocytes and  fi bromyxoid stroma with spin-
dle cells and focal cellular atypia  
  Lockhern cells have sharply outlined  –
nuclear vacuoles  
  Mitoses and lipoblasts are uncommon   –
  Dedifferentiated liposarcoma involves  –
(typically) abrupt transition to high grade 
area with mitoses (>5 per 10 high-pow-
ered  fi elds), nonlipogenic cells, and heter-
ologous elements, including metaplastic 
bone     

  Clinical features• 
   Most common type of liposarcoma   –
  Primarily affects adults, fourth to sixth  –
decades  
  Typically involves lower limbs, retroperito- –
neum, paratesticular regions, mediastinum  
  May recur locally –

   Clear surgical margins are critical, espe- °
cially for sclerosing type  
  Retroperitoneal liposarcomas are  °
dif fi cult to resect and often 
dedifferentiate     

  Dedifferentiation –
   ~10% of cases, more often from retro- °
peritoneal or paratesticular sites  
  Confers aggressive behavior °

   Recurrence 40–80%   
  Metastasis 10–15%   
  Death 30–50%            

  Molecular genetic pathology• 
   Supernumerary ring and/or giant marker  –
chromosome(s) in virtually all cases
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   Intratumor variability in size and  °
number  
  Typically involve material from  °
12q13–q21

   Oncogenes in these regions include  
 MDM2 ,  CDK4 ,  HMGA2 ,  GLI , 
 CHOP   
  Material from other chromosomes  
also often involved        

  Coexisting other numerical/structural  –
abnormalities in ~30% of cases

   Mostly appear random, other than °
   Loss of 13q material   
  Telomeric associations involving 11p         

  A subset has gain of material at 12q15–q24  –
instead of rings/giant markers

   Associated with minimal atypia   °
  Distinct from 12q13–12q15 balanced  °
translocations seen in simple lipoma     

  Similar rings and giant marker chromo- –
somes are also seen in dedifferentiated 
liposarcoma, though a more complex kary-
otype is frequently observed     

  Molecular diagnosis• 
   Test indications: currently unclear   –
  Technical considerations –

   Karyotype is typical method, but dediffer- °
entiated liposarcoma areas grow in vitro 
very poorly  
  FISH: commercial break apart probe is  °
available for  MDM2   
  Rings/giant marker chromosomes are  °
negative for centromeric probes           

   Clear Cell Sarcoma (Melanoma 
of Soft Parts) 

    Basic pathology ( • see  Fig.  15.8 ) 
   Mesenchymal neoplasm of uncertain histo- –
genesis, with nests of tumor cells with mel-
anocytic differentiation  
  Positive stain reactions for melanin, S100,  –
HMB45, MITF, and melanosomes evident 
by electron microscopy  
  Separated by reticulin  fi brous septae   –
  Cells have uniform cytology, with clear or  –
eosinophilic cytoplasm  

  Melanomyctic markers may not be  –
expressed in clear cell sarcomas that arise 
in the GI tract     

  Clinical features• 
   Mostly adolescents, young adults   –
  Commonly involves extremities, especially  –
foot and ankle from/near tendons, fascia, 
aponeuroses, but may arise from a wide 
range of anatomic sites, gastrointestinal 
(GI) included  
  Often painful   –
  Progression is slow and gradual, but relent- –
less, with a high propensity for regional or 
distant metastases  
  Little sensitivity to conventional multiagent  –
chemotherapy, and treatment is usually 
radical resection     

  Molecular genetic pathology• 
   t(12;22)(q13;q12) in approximately 90%  –
of cases ( see  Fig.  15.2C )

     ° EWSR1  gene (at 22q12) breakpoints in 
intron 7, 8, or 10  
    ° ATF1  gene (at 12q13) breakpoints in 
intron 3 or 4     

  Molecular variants –
   Type 1:   ° EWSR1  exon 8— ATF1  exon 4 
(85%)  
  Type 2:   ° EWSR1  exon 10— ATF1  exon 5  
  Type 3:   ° EWSR1  exon 7— ATF1  exon 5     

  Fig. 15.8    Clear cell sarcoma (H&E stain), showing char-
acteristic histologic appearance, with nests of tumor cells 
rimmed by thin  fi brous septae. Tumor cells are polygonal 
with clear or eosinophilic cytoplasm and round-oval uni-
form nuclei with prominent nucleoli. Immunohistochemical 
stains for HMB-45 or S100 would demonstrate melano-
cytic differentiation       
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  Fusion gene has N terminal transactivating  –
domain of EWS and C terminal leucine 
zipper dimerization and DNA-binding 
domains of ATF1, under control of ubiqui-
tously expressed  EWS  promoter, causing 
oncogenesis by increased activation of 
genes bearing  ATF1  sites  
    – EWSR1–ATF1  soft tissue clear cell sarco-
mas show consistent melanocytic differen-
tiation, as well as expression of MITF-M 
transcript  
  t(2;22)(q34;q12) exclusively in tumors of  –
GI tract

     ° EWSR1  gene (at 22q12)  
    ° CREB1  gene (at 2q34)  
    ° EWSR1–CREB1  tumors lack melano-
cytic markers        

  Molecular diagnostics• 
   Test indications: establish diagnosis   –
  Additional technical considerations –

   FISH: a commercial break apart probe  °
is available for  EWSR1 , but cannot dis-
tinguish between different molecular 
variants of  EWSR1–ATF1 , or the chro-
mosomal variant, t(2;22)  
  RT-PCR: can distinguish between dif- °
ferent molecular variants of  EWSR1–
ATF1 , but clinical signi fi cance of this 
distinction is unclear     

  Additional interpretive considerations –
   GI tract clear cell sarcomas with either  °
 EWSR1–ATF1  or  EWSR1–CREB1  lack 
melanocytic markers, in contrast to the 
 EWSR1–ATF1  soft tissue clear cell 
sarcoma  
  Both t(12;22) and t(2;22) have also been  °
reported in angiomatoid  fi brous 
histiocytoma  
  The t(12;22) has been also reported in  °
hyalinizing clear cell carcinoma of the 
salivary gland           

   Dermato fi brosarcoma Protuberans 

    Basic pathology ( • see  Fig.  15.9 ) 
   Uncommon neoplasm of low to intermedi- –
ate malignant potential  

  Composed of noncircumscribed nodular  –
lesions of S100−/CD34+ spindle cells 
arranged in tight storiform whorls  
  Involving dermis and subcutaneous zones  –
of skin, usually with a thin zone of dermis 
between the tumor and epidermis  
  Pigmented (Bednar tumor) and myxoid  –
variants exist     

  Clinical features• 
   Most commonly occurs in ages 30–50  –
years  
  Trunk and proximal extremities are most  –
common sites  
  Initially grows slowly, with a later phase of  –
rapid growth  
  Frequently recurs locally (50%), even after  –
wide resection (12%), and rarely metasta-
sizes (1–4%)  
  Wide surgical resection is usual treatment –

   A number of clinical studies have shown  °
a high response rate to imatinib therapy 
in both locally advanced and metastatic 
lesions        

  Molecular genetic pathology• 
   Supernumerary ring chromosome, derived  –
from a t(17;22)(q22;q13) in most cases

     ° COL1A1  gene (at 17q21.31–q22) has 
many different breakpoints, exons 29 
and 32 being slightly more frequently 
involved  
    ° PDGFB  gene (at 22q13) breakpoint is 
in intron 1  

  Fig. 15.9    Dermato fi brosarcoma protuberans (H&E 
stain). The tumor consists of a continuous sheet of spin-
dled cells arranged in tight storiform whorls       
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  Fusion gene includes nearly the entire  °
 PDGFB  sequence fused to a variable 
length of N terminal  COL1A1  sequence, 
under control of the  COL1A1  promoter, 
leading to oncogenesis by constitutive 
activation of the  PDGFB  growth 
signaling  
  The frequency of unbalanced cytoge- °
netic abnormalities suggests a dosage 
effect or a low level of ampli fi ed expres-
sion of  PDGFB         

  Molecular diagnostics• 
   Test indications: establish diagnosis   –
  Additional technical considerations –

   Karyotype: rare variant translocations  °
have been reported  
  FISH: no commercial probes are avail- °
able, but whole-painted chromosome 
probes for chromosomes 17 and 22 are 
useful to identify the presence of chro-
mosomal material of both chromosomes 
in ring/marker chromosomes  
  RT-PCR: multiple breakpoints in  °
 COL1A1  can complicate analysis; most 
protocols involve nested RT-PCR, with 
multiple primers spaced throughout 
 COL1A1      

  Additional interpretive considerations –
   The same   ° COL1A1–PDGFB  fusion has 
been reported in giant cell  fi broblastoma 
of childhood, but in linear t(17;22), not 
supernumerary ring chromosomes           

   Desmoplastic Round Cell Tumor 

    Basic pathology ( • see  Fig.  15.10 ) 
   Aggressive, poorly differentiated tumor  –
with characteristic histology  
  In fi ltrating nests of small round cells with  –
prominent desmoplasia  
  Evidence of multilineage differentiation  –
including immunoreactivity for keratin, 
desmin, and neuron-speci fi c enolase  
  Characteristically involves the peritoneum      –

  Clinical features• 
   Mostly in children (boys) and young  °
adults  

  Located almost exclusively on the peri- °
toneal surfaces of the abdomen  
  Very aggressive tumor, with a very poor  °
prognosis: 35% overall progression-free 
survival at 5 years  
  Treatment is surgery, followed by inten- °
sive chemotherapy and radiotherapy     

  Molecular genetic pathology• 
   t(11;22)(p13;q12) in approximately all  –
cases ( see  Fig.  15.2D )

     ° EWSR1  gene (at 22q12) breakpoint usu-
ally in intron 7, but also 8 and 9  
    ° WT1  gene (at 11p13) breakpoints in 
intron 7  
  Fusion protein includes N terminal trans- °
activation domain of EWSR1 and the C 
terminal zinc  fi nger DNA-binding 
domain of WT1, under control of the 
 EWSR1  promoter, leading to oncogenesis 
through overexpression and increased 
activation of WT1 DNA-binding domain  
  Molecular variants °

      EWSR1  exon 7— WT1  exon 8  
     EWSR1  exon 8— WT1  exon 8  
     EWR1S  exon 9— WT1  exon 8           

  Molecular diagnostics• 
   Test indications –

   Establish diagnosis, as differential diag- °
nosis of small, round blue cell tumors of 
childhood is broad, and requires ancil-
lary testing to narrow     

  Fig. 15.10    Desmoplastic small round cell tumor (H&E 
stain). The tumor consists of sheets of small tumor cells 
with little cytoplasm, growing within dense desmoplastic 
stroma       
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  Additional technical considerations –
   IHC: antibodies to the carboxy terminus  °
of WT1 show overexpression in these 
tumors, while antibodies to the amino 
terminus of WT1 show absence of 
expression; IHC is sensitive, speci fi c, 
and simple, and is the most commonly 
employed diagnostic method  
  FISH: commercial break apart probe is  °
available for  EWSR1 , but cannot distin-
guish desmoplastic round cell tumor 
( EWSR1–WT1 ) from extraosseous 
Ewing sarcoma ( EWSR1–FLI1  and 
other  EWSR1  fusions), which is often 
another diagnostic consideration in 
these patients  
  RT-PCR: can distinguish molecular  °
variants, but this distinction is currently 
of unknown clinical signi fi cance  
  Southern blot: enabled by the short  °
length of  WT1  intron 7, which contains 
the breakpoints     

  Additional interpretive considerations: rare  –
chromosomal variants must be further 
investigated by FISH, RT-PCR, and IHC        

   Endometrial Stromal Sarcomas 

    Basic pathology ( • see  Fig.  15.11 ) 
   Uncommon tumor of endometrial stroma,  –
with benign, low grade and high grade 
variants  
  Grade is based primarily upon extent of  –
in fi ltration of adjacent myometrium, cyto-
logic pleomorphism, and mitotic activity  
  Cells resemble proliferative phase endome- –
trial stroma, but displace uninvolved benign 
glandular elements     

  Clinical features• 
   Primarily affects middle-aged women   –
  Patients present with vaginal bleeding, pel- –
vic pain  
  Prognosis is grade-dependent –

   Benign stromal nodules are cured  °
surgically  
  Low grade endometrial stromal sarco- °
mas can recur after surgery (20%), often 

many years later, and rarely (10%) 
metastasize  
  High grade endometrial stromal sarco- °
mas are aggressive, with frequent recur-
rence and metastasis        

  Molecular genetic pathology• 
   t(7;17)(p15;q21) in approximately 50–60%  –
of cases ( see  Fig.  15.2E )

     ° JAZF1  gene (at 7p15)  
    ° SUZ12  ( JJAZ1 ) gene (at 17q21)  
  Fusion protein contains nearly all of  °
SUZ12, a polycomb group transcrip-
tional repressor, fused to the amino ter-
minal region of JAZF1, under control of 
the  JAZF1  promoter. The mechanism by 
which this gene fusion induces neopla-
sia is still being actively investigated     

  t(6;7)(p21;p15) in approximately 20% of  –
cases

     ° JAZF1  (at 7p15)  
    ° PHF1  gene (at 6p21)  
    ° PHF1 , like  SUZ12 , is homologous to a 
 Drosophila  zinc  fi nger Polycomb gene     

  t(10;17)(q22;p13) –
     ° FAM22A/B  genes (at 10q23.2 and 
10q22.3)  
    ° YWHAE  gene (at 17p13)  
  The 14–3–3 oncoprotein results from a  °
t(10;17) genomic rearrangement, lead-
ing to fusion between 14–3–3 e  
(YWHAE) and either of two nearly 

  Fig. 15.11    Endometrial stromal sarcoma. The tumor 
consists of a proliferation of bland, small round cells with 
scant cytoplasm and smooth chromatin, resembling endo-
metrial stroma       
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identical FAM22 family members 
(FAM22A or FAM22B)  
  The rearrangement results in an inframe  °
fusion between  YWHAE  (exon 1–5) and 
one of the two highly homologous genes 
( FAM22A  or  FAM22B , exon 2–7)        

  Molecular diagnostics (see Fig.  • 15.5 )
   Test indications –

   Establish diagnosis      °
  Additional technical considerations –

   Karyotype: single cases with other  °
 chromosome abnormalities have been 
reported  
  FISH: no commercial probes are avail- °
able for t(7;17) and t(10;17)     

  Additional interpretive considerations –
   The t(7p15)/  ° JAZF1  positive tumors 
appear to be more common in low grade 
endometrial stromal sarcomas of classic 
histology, but has been reported in cases 
with high grade histology, and even in 
occasional mixed tumors (adenosar-
coma, carcinosarcoma)  
  The t(10;17) positive tumors appear to be  °
histologically higher grade and clinically 
more aggressive than  JAZF1 -rearranged 
tumors. These tumors display high grade 
(but nonpleomorphic) round cell histol-
ogy that is immunophenotypically undif-
ferentiated and frequently includes an 
admixed low grade spindle cell compo-
nent with  fi brocollagenous/ fi bromyxoid 
stroma that is positive for ER, PR, and 
CD10 immunohistochemically  
  YWHAE rearrangement and JAZF1  °
rearrangement are mutually exclusive  
  The (10;17)(q22;p13) induced   ° YWHAE–
FAM22  genetic fusion seen in endome-
trial stromal sarcoma is the identical 
recurrent translocation reported in clear 
cell sarcoma of the kidney           

   Epithelioid Hemangioendothelioma 

    Basic pathology• 
   Proliferation of round (epithelioid) cells  –
that typically form cord-like structures 

embedded within an edematous, proteogly-
can-rich, extracellular matrix  
  No speci fi c biomarkers distinguish this  –
tumor from other vascular lesions     

  Clinical features• 
   Wide age range   –
  Affects both genders equally   –
  Arises in soft tissue and bone, as well as  –
visceral organs, especially liver and 
lungs  
  Two prognostic categories, classic and  –
malignant, strati fi ed by mitotic activity and 
size  
  Treatment is by surgical resection, although  –
multifocal visceral disease may be treated 
with transplantation     

  Molecular genetic pathology• 
   t(1;3)(p36.3;q25) in ~85% of cases –

     ° CAMTA1  gene (at 1p36.3) breakpoints 
in exon 8 or 9  
    ° WWTR1  gene (at 3q25) breakpoint in 
exon 2, 3, or 4  
  Fusion protein contains the amino ter- °
minus of WWTR1 and the carboxy ter-
minus of CAMTA1, under the 
transcriptional control of the  WWRT1  
promoter  
  Molecular variants °

   Type 1:    WWTR1  exon 4— CAMTA1  
exon 8  
  Type 2:    WWTR1  exon 4— CAMTA1  
exon 9  
  Type 3:    WWTR1  exon 2— CAMTA1  
exon 9  
  Type 4:    WWTR1  exon 3— CAMTA1  
exon 9           
  Molecular diagnostics 

   Indications for molecular genetic testing:  –
diagnosis

   This gene fusion has not been detected  °
in any of the morphological mimics of 
epithelioid hemangioendothelioma, 
such as hemangioendothelioma, epithe-
lioid angiosarcoma, or epithelioid sar-
coma-like hemangioendothelioma     

  Additional technical considerations –
   FISH: no commercial probes are  °
available           
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   Ewing Sarcoma 

    Basic pathology ( • see  Fig.  15.12 ) 
   Small round blue cell tumor   –
  Initially described in bone, but may also  –
involve extraosseous sites  
  Tumors often have large areas of necrosis   –
  The cells are small, uniform, and round   –
  PAS-positive glycogen granules   –
  Immunoreactivity for CD99/O13 antigen  –
( MIC2  gene product)     

  Clinical features• 
   Most common in children (5–20) and  –
young adults (<30)  
  Usually presents with pain or swelling, but  –
can also present with systemic symptoms  
  Usually involves diaphysis of long bones,  –
originating in medullary cavity and eventu-
ally penetrating through cortex to soft 
tissues  
  Characteristic “onion skin” appearance of  –
cortex on X-rays as tumor lifts periosteum 
and new bone is laid down  
  Frequently metastasizes   –
  Controversy regarding extraosseous  –
lesions, and whether they represent true 
Ewing sarcoma

   Peripheral neuroepithelioma also called  °
primitive neuroectodermal tumor, esthe-
sioneuroblastoma (olfactory epithe-
lium), and Askin tumor (chest wall)     

  Poor prognosis when treated with surgery  –
and radiotherapy (5-year survival 5–8%), 
but multiagent chemotherapy has increased 
5-year survival to approximately 75%     

  Molecular genetic pathology °
   t(11;22)(q24;q12) in 90–95% (  – see  Fig.  15.2F )

     ° EWSR1  gene (at 22q12) has multiple 
breakpoints  
    ° FLI1  gene (at 11q24) has multiple 
breakpoints  
  Fusion protein contains carboxy termi- °
nal DNA-binding transcriptional activa-
tion domain of FLI1 and the amino 
terminal transactivation domain of 
EWSR1, under the regulatory control of 
the ubiquitously expressed  EWSR1  pro-
moter. This leads to oncogenesis through 
upregulation of genes with FLI1 sites  
  Molecular variants (  ° see  Fig.  15.13 ) 

   Type I:    EWSR1  exon 7— FLI1  exon 6 
(~60%)  
  Type II:    EWSR1  exon 7— FLI1  exon 
5 (~20%)  
  Many other variants, but the break- 
point is always downstream of  EWSR1  
exon 7 and upstream of  FLI1  exon 9        

  Chromosomal variants are seen in 5–10%  –
of cases, all involving  EWSR1  with differ-
ent partner genes

   t(21;22)(q12;q12) with   ° EWSR1–ERG  
fusion  

  Fig. 15.12    Primitive neuroectodermal tumor. This mem-
ber of the Ewing sarcoma family is an extraosseous tumor 
composed of sheets of small, uniform, round cells with 

modest eosinophilic cytoplasm, and occasional cytoplas-
mic glycogen vacuoles. Focal rosettes may be present       
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  t(7;22)(p22;q12) with   ° EWSR1–ETV1  
fusion  
  t(17;22)(q12;q12) with   ° EWSR1–E1AF  
fusion  
  t(2;22)(q33;q12) with   ° EWSR1–FEV  
fusion  
  inv(22)(q12q12) with   ° EWSR1–ZSG  
fusion

   These    EWSR1  gene fusions contain 
the N terminal portion of EWSR1 and 
the C terminal DNA-binding domain 
of an ETS transcriptional family 
member (e.g., ERG, ETV1, E1AF, 
FEV) and are, thus, analogous to the 
canonical  EWSR1–FLI1  fusions     

  t(20;22)(q13;q12) with   ° EWSR1–NFATC2  
fusion

   The    NFATC2  gene involved in the 
t(20;22), is a transcription factor that 

is not a member of the ETS family. 
The inframe fusion gene contain the 
C terminal of EWSR1, encoded by 
the  fi rst 8 exons, and the N terminal 
of NFATc2, encoded by exons 3–10     

  t(16;21)(p11;q22) with a   ° FUS–ERG  
fusion

   The FUS gene, involved in the  
t(16;21), belongs to the TET family 
of RNA-binding proteins, and shows 
considerable homology with  EWSR1   
     FUS  is the most frequent gene replac-
ing  EWSR1  in other sarcoma 
translocations  
  A variant t(2;16) (q35;p11) associ- 
ated with a  FUS–FEV  fusion gene 
has been recently reported, suggest-
ing that the  FUS  rearrangement could 
be underreported           

1 2 3 4 5 6 7 8

~ 85%

EWS 22q 12

FLI1 11q24

EWS-FLI1 der(22)t(11;22) type I (~60%)

EWS-FLI1 der(22)t(11;22) type II (~20%)

~ 10%

~ 25% ~ 70%
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  Fig. 15.13    Structure of the  EWSR1  and  FLI1  genes, and 
the most common  EWSR1-FLI1  fusions seen in Ewing 
sarcoma. The  upper  fi gure  shows the structure of the 
 EWSR1  gene, with the most prevalent translocation break-
points indicated by  long arrows  (intron 7 and intron 10), 
and less prevalent breakpoints indicated by  short arrows . 

The  next  fi gure  shows the  FLI1  gene in the same manner, 
with the most common breakpoints in intron 5 and intron 
4. At the  bottom  are the two most common fusion types, 
type I ( EWSR1  intron 7— FLI1  intron 5) and type II 
(EWSR1 intron 7— FLI1  intron 4). Note that the  fi gures 
are not drawn to scale       
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  Molecular diagnostics• 
   Test indications –

   Establish a diagnosis: the differential  °
diagnosis of small round blue cell 
tumors is broad and requires ancillary 
methods. This is especially useful when 
the tumor presents in an unusual site  
  Recent prospective randomized multi- °
institute trials described the absence of 
prognostic importance of type 1 EWS–
FLI1 fusion  
  Minimal disease monitoring: RT-PCR  °
may be used for staging patients for 
bone marrow involvement in the absence 
of radiologic or morphologic evidence. 
Moreover, some studies have looked at 
detecting circulating tumor cells with 
RT-PCR     

  Additional technical considerations –
   FISH: a commercial break apart probe  °
is available for  EWSR1  and can detect 
all molecular variants, but cannot distin-
guish among chromosomal variants, and 
cannot distinguish Ewing sarcoma from 
other sarcomas with  EWSR1  transloca-
tion (e.g., clear cell sarcoma, intraab-
dominal desmoplastic round cell tumor, 
extraskeletal myxoid chondrosarcoma, 
myxoid liposarcoma)     

  RT-PCR: variability of breakpoints and  –
diversity of molecular variants provides an 
assay design challenge

   A single primer set to   ° EWSR1  exon 7 and 
 FLI1  exon 6 will detect approximately 
80% of cases and enable size-based dis-
tinction of the type I and type II tran-
scripts, but will not detect fusion transcripts 
with more distal  FLI1  breakpoints or, 
potentially, large fusion transcripts with 
more distal  EWSR1  breakpoints  
  A single primer set to   ° EWSR1  exon 7 
and  FLI1  exon 9 could detect all fusion 
types, but transcripts with distal  EWSR1  
breakpoints and/or proximal  FLI1  
breakpoints may be too large for reliable 
detection by RT-PCR  
  Chromosomal variants may also be  °
detected due to conservation of  EWSR1  

breakpoints and high homology between 
genes partnered with  EWSR1 : consensus 
primers have been designed that anneal 
to  FLI1/ERG/FEV  and to  TEV1/E1AF   
  Southern blot:   ° EWSR1  breakpoints 
occur over a relatively small area 
(~7 kb), enabling Southern blot detec-
tion of all fusion genes, but  Alu  repeat 
polymorphism in intron 6 in African 
Americans can complicate the analysis     

  Additional interpretive considerations –
   The same translocations are seen in pri- °
mary osseous and in extraosseous Ewing 
sarcomas, but are characteristically 
absent in olfactory neuroblastomas 
(esthesioneuroblastomas), suggesting 
that these tumors may be unrelated to 
Ewing sarcomas  
  Therefore, we need to be aware of these  °
cytogenetic variant Ewing sarcomas in 
order to modify their detection in clini-
cal practice. A negative results generated 
by RT-PCR using speci fi c fusion tran-
script or FISH for  EWSR1 , should no 
preclude the diagnosis of Ewing sarcoma 
in the contest of typical morphology and 
immunophenotype features. Moreover, 
cytogenetic analysis is still a gold stan-
dard to detect these rare translocations  
  A similar t(16;21) associated with   ° FUS–
ERG  has been previously reported in a 
subgroup of AML           

   Gastrointestinal Stromal Tumor 

    Basic pathology• 
   Mesenchymal tumor of GI viscera   –
  Composed most often of pure spindle cells,  –
but epithelioid and mixed variants occur  
  Tumors are now believed to arise from the  –
interstitial cells of Cajal present within the 
gut wall  
  Contain features of smooth muscle and  –
neural tissues     

  Clinical features• 
   Most gastrointestinal stromal tumors  –
(GISTs) arise in the stomach (60%) and 
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small intestine (25%), but they can occur 
anywhere in the GI tract as well as in omen-
tum, retroperitoneum, and mesentery  
  GIST patients vary widely in age, but peak  –
around 60 years  
  Prognosis is largely dependent on size and  –
mitotic activity; patients with gastric GISTs 
tend to fare better than those with intestinal 
tumors  
  Surgery is the primary treatment, but recur- –
rence and dissemination are inevitable for 
high risk lesions (>5 cm, >5 mitoses/50 high 
power  fi elds). Some GISTs have been treated 
successfully with imatinib (Gleevec)     

  Molecular genetic pathology• 
   Unlike the other sarcomas in this chapter,  –
GISTs are not characterized by a chromo-
somal pathology (i.e., translocations, inver-
sions, etc.), but rather by molecular genetic 
(i.e., point mutations, insertions, deletions) 
pathology  
    – KIT  gene (at 4q12) is mutated in 80–85% 
of cases

   Activating mutations include small  °
inframe deletions and insertions, and 
point mutations  
  Most mutations are in exons 11 and 9,  °
but mutations in exons 13 and 17 have 
also been described     

  A subset of GISTs has mutations in the  –
 KIT -related  PDGF  receptor- a  ( PDGFRA ) 
gene (also at 4q12), in exons 18 and 12     

  Molecular diagnostics• 
   Test indications –

   Establish diagnosis   °
  Prognosis: exon 9 mutations are associ- °
ated with malignant GISTs  
  Theranosis: GISTs with exon 11 muta- °
tions are most likely to respond to ima-
tinib (Gleevec)  
  Acquired mutations, especially in exons  °
13 and 17, may confer resistance to 
imatinib     

  Additional technical considerations –
   IHC is a simple, sensitive, and speci fi c  °
means of assessing overexpression of 
KIT (CD117), but variability between 
commercial antibody preparations and 

between different laboratory protocols 
has led to some inconsistency in pub-
lished results, particularly with regard to 
speci fi city

   IHC cannot distinguish between  
mutations that have different impli-
cations for therapy response, and is 
most useful as a screening tool to 
select cases for molecular analysis     

  PCR: DHPLC and high resolution melt  °
curve analysis are quick and sensitive 
screening methods for detection of both 
deletions and point mutations that is free 
of some of the inconsistencies that affect 
IHC  
  Sanger sequencing is typically used for  °
speci fi c identi fi cation of each mutation 
detected by a screening method     

  Additional interpretive considerations –
   GISTs with   ° PDGFRA  mutations are 
negative by IHC, as are some GISTs 
with  KIT  mutations and others with 
acquired imatinib resistance           

   Infantile Fibrosarcoma 

    Basic pathology• 
   Spindle cell neoplasm of early childhood   –
  Bundles of interdigitating cells that are  –
immunoreactive for vimentin, but not 
smooth muscle, desmin, or S100     

  Clinical features• 
   One of the more common soft tissue sarco- –
mas of childhood  
  Soft tissue mass, usually noted at, or soon  –
after, birth  
  70% in extremities, followed by head/neck,  –
trunk  
  Excellent prognosis   –
  Treatment is complete surgical excision   –
  Sensitive to chemotherapy      –

  Molecular genetic pathology• 
   t(12;15)(p13;q26) in approximately 95%   –
    – ETV6  gene (at 12p13)  
    – NTRK3  gene (at 15q26)  
  Fusion protein contains the N terminal  –
helix-loop-helix protein dimerization 
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domain of  ETV6  and the C terminal tyrosine 
kinase domain of  NTRK3 , presumably 
leading to oncogenesis through increased 
activation of  NTRK3  kinase and down-
stream signal transduction; the fusion pro-
tein has oncogenic in vitro activity     

  Molecular diagnostics• 
   Test indications –

   Establish diagnosis   °
  Therapy selection: other spindle cell  °
lesions of childhood may lack sensitivity 
to chemotherapy     

  Additional technical considerations –
   Karyotype: the t(12;15) is cryptic, and  °
dif fi cult to detect by standard GTG-
banding

   Polysomies of chromosomes 8, 11,  
17, and/or 20 are common     

  FISH: a commercial break apart probe  °
is available for  ETV6      

  Additional interpretive considerations –
   The same t(12;15) has been reported in  °
congenital mesoblastic nephroma  
  A renal lesion with similar histopathol- °
ogy and clinical features  
  In secretory carcinomas of the breast  °
and of the salivary glands           

   In fl ammatory Myo fi broblastic Tumors 

    Basic pathology• 
   Proliferation of myo fi broblastic spindle  –
cells, usually with a prominent mixed 
in fl ammatory component  
  Lesion has many pseudonyms, re fl ective of  –
its controversial nature

   In fl ammatory pseudotumor   °
  Plasma cell granuloma   °
  Pseudosarcomatous myo fi broblastic  °
proliferation  
  Postoperative spindle cell nodule   °
  Atypical  fi bromyxoid tumor      °

  Epithelioid in fl ammatory myo fi broblastic  –
sarcoma is a distinctive variant tumor

   Epithelioid and round cell morphology   °
  Nuclear membrane or perinuclear ALK  °
immunostaining  

  Arising in intraabdominal locations   °
  Aggressive clinical course and predilec- °
tion for male patients        

  Clinical features• 
   Most often in children and young adults   –
  Can involve both soft tissues and viscera   –
  Patients often present with systemic symp- –
toms (fever, weight loss) and anemia  
  Usually indolent course, especially in the  –
lung; more aggressive course in the abdo-
men (e.g., epithelioid in fl ammatory 
myo fi broblastic sarcoma)  
  Tumor-related mortality, approximately  –
10%, usually due to local destruction rather 
than metastasis  
  Aggressive behavior, with metastasis, has  –
been described, often associated with 
 morphologic change (round cell 
transformation)  
  Usual management is surgical excision      –

  Molecular genetic pathology• 
   2p23 rearrangement in approximately 50%  –
of cases

     ° ALK  gene (at 2p23) is invariably fused 
by chromosomal translocation to a wide 
variety of partner genes

   t(1;2)(q25;p23) with    TPM3–ALK  
fusion  
  t(2;19)(p23;p13.1) with    TPM4–ALK  
fusion  
  t(2;17)(p23;q23) with    CLTC–ALK  
fusion  
  t(2;2)(p23;q13) with    RANBP2–ALK  
fusion  
  inv(2)(p12q35) with    ATIC–ALK  
fusion  
  t(2;11)(p23;p15) with    CARS–ALK  
fusion  
  t(2;4)(p23;q21) with    SEC31L1–ALK  
fusion        

    – ALK  gene encodes a membrane-associated 
protein with a cytoplasmic tyrosine kinase 
domain, and fusion proteins are believed to 
undergo homodimerization, which is pre-
dicted to trigger stimulus-independent acti-
vation of  ALK  tyrosine kinase domain     

  Molecular diagnostics• 
   Indications for molecular genetic testing –
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   Establish a de fi nitive diagnosis: the dif- °
ferential diagnosis is very broad, and 
ranges from self-limited benign reactive 
proliferations to aggressive malignancies     

  Additional technical considerations –
   Karyotype: 50% of these tumors do not  °
have an  ALK  rearrangement  
  FISH: a commercial break apart probe  °
is available for  ALK   
  RT-PCR is very dif fi cult, given the wide  °
range of possible partner genes  
  IHC: staining for   ° ALK  is simplest, quick-
est, and most sensitive methodology

   Diffuse cytoplasmic staining when  
the fusion involves the cytoplasmic 
proteins TMP3, TPM4, CARS, 
ATIC, and SEC31L1  
  Granular cytoplasmic staining with  
CLTC and nuclear membrane stain-
ing with RANBP2  
  A correlation between the nuclear  
membrane pattern and  RANBP2–ALK  
fusion seems to be consistent in epi-
thelioid in fl ammatory myo fi broblastic 
sarcoma        

  Additional interpretive consideration –
     ° ALK  rearrangements are also seen in ana-
plastic large cell lymphoma and in ~5% 
of lung adenocarcinomas, where they 
have been shown to confer a favorable 
response to treatment with crizotinib, a 
tyrosine kinase inhibitor  
  In 2011, the U.S. Food and Drug  °
Administration approved a commercial 
ALK split apart FISH assay (Abbott 
Molecular) to be used to select lung can-
cer patients for treatment with crizotinib 
(Xalkori™, P fi zer)           

   Low Grade Fibromyxoid Sarcoma 

    Basic pathology• 
   Rare soft tissue neoplasm of low malignant  –
potential with uncertain histogenesis  
  Contains a mixture of hypocellular areas  –
with collagenous stroma and more cellular 
areas with myxoid stroma  

  Focal collagen rosettes are seen in a subset  –
of cases     

  Clinical features• 
   Incidence is presumed to be low, but it is  –
likely that these lesions have been 
underrecognized  
  Painless mass, typically in the lower  –
extremities, especially thigh in young male 
adults  
  Treatment is wide local resection   –
  Local recurrences in approximately 10%,  –
and metastasis is seen in 5%     

  Molecular genetic pathology• 
   t(7;16)(q33–34;p11) in 95% (  – see  Fig.  15.2G )

     ° FUS  gene (at 16p11) with breakpoints 
in exon 5, 6, and 7  
    ° CREB3L2  ( BBF2H7 ) gene (at 7q33–34) 
with breakpoints in exon 5 and 6  
  Rarely, ring chromosome assumed  °
derived from chromosomes 7 and 16 has 
been also reported  
  Fusion protein contains carboxy terminal  °
portion of CREB3L2, including B-ZIP 
DNA-binding domain and amino termi-
nus of FUS, containing transactivation 
domain, under regulation of ubiquitously 
expressed  FUS  promoter. Mechanism of 
oncogenesis is likely through dysregula-
tion of CREB3L2 transcriptional targets  
  Molecular variants are related to the dif- °
ferent  FUS  and  CREB3L2  breakpoints     

  Chromosomal variant; t(11;16)(p11;p11)  –
in 5% of the cases

     ° FUS  gene (at 16p11) with breakpoint in 
exon 5  
    ° CREB3L1  gene at (11p11) with break-
point in exon 6        

  Molecular diagnostics• 
   Indications for molecular genetic testing –

   Establish a de fi nitive diagnosis      °
  Additional technical considerations –

   Karyotype: t(7;16) is cryptic and can  °
easily be missed by G-banded chromo-
some analysis  
  FISH (  ° see  Fig.  15.3 ): a commercial 
break apart probe is available for  FUS   
  RT-PCR: relative proximity of break- °
points facilitates RT-PCR analysis     
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  Additional interpretive consideration –
   The t(7;16)/  ° FUS – CREB3L2  has been 
reported in hyalinizing spindle cell 
tumors with giant rosettes (so-called 
unusual variant of low grade  fi bromyxoid 
sarcoma) and sclerosing epithelioid 
 fi brosarcoma           

   Mesenchymal Chondrosarcoma 

    Basic pathology• 
   Biphasic sarcoma, with small round/ –
slightly spindled cells and islands of chon-
droid matrix  
  Differential diagnosis can be challenging  –
in samples with minimal chondroid matrix, 
and includes other “small round blue cell 
tumors”     

  Clinical features• 
   Affects young patients, between 10 and 20  –
of age  
  Late distal recurrences   –
  Poor outcome      –

  Molecular genetic pathology• 
     – HEY1–NCOA2  fusion by genome-wide 
screen of expression data

     ° HEY1  gene (at 8q21.1) with breakpoint 
in exon 4  
    ° NCOA2  gene (at 8q13.3)/with break-
point in exon 13  
  The   ° HEY1–NCOA2  fusion replaces the 
C terminal portion of the HEY1 by the 
NOAC2 AD1/CIS and AD2 domain, 
while retaining the Hey1 bHLH DNA-
binding/dimerizations domain  
  These genes are only ~10 Mb apart, and  °
this fusion can be the results of a cryptic 
interstitial deletion or paracentric inver-
sion between the 8q13.3 and 8q21.1 
region        

  Molecular diagnostics• 
   Indications for molecular genetic testing –

   Diagnosis °
   The noncartilage components of this  
sarcoma are often predominant, and 
such a lesion can be confused with 
other small cell neoplasms  

  The 8q rearrangement is cryptic and  
can easily be missed by G-banded 
chromosome analysis  
  FISH: no commercial probes are  
available              

   Myoepithelioma, Soft Tissue 

    Basic pathology• 
   Myoepithelial tumors represent a family of  –
lesions with variable terminology, based on 
anatomical location  

  Pleomorphic adenoma of salivary  °
glands  
  Benign mixed tumor in the skin, and  °
myoepithelial tumor/parachordoma in 
the soft tissue  

  Often have uniform rounded cell morphol- –
ogy and clear cytoplasm in deep-seated 
soft tissue  
  Criteria for con fi rming the diagnosis  –
include coreactivity for EMA ± cytokeratin 
AE1/AE3 and S100 ± GFAP     

  Clinical features• 
   >50% of cases occur in children or young  –
adults  
  Most common in the extremities, followed  –
by head and neck     

  Molecular genetic pathology• 
     – EWSR1 (22q12) rearrangement in approxi-
mately 50% of cases

   t(6;22)(p21;q12) °
      EWSR1  gene (at 22q12)  
     POUF5F1  gene (at 6p21)  
  This translocation is identi fi ed in a  
subset of deep-seated tumors of 
extremities, in children or young adults 
with distinct clear cell morphology     

  t(1;22)(q23;q12) °
      EWSR1  gene (at 22q12)  
     PBX1  gene (at 1q23)  
  This translocation is identi fi ed in a  
subset of tumors with a deceptively 
bland appearance, composed mainly 
of spindle cells embedded in a 
 fi brotic stroma, resembling, in areas, 
 desmoid-type  fi bromatosis     
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  t(19;22)(q13;q12)   °
    ° EWSR1  gene (at 22q12)  
    ° ZNF444  gene (at 19q13)  
  Very rare translocation, less 2% of the  °
cases     

  EWSR1 negative myoepithelial tumors are  –
more often benign, super fi cially located, 
and show ductal differentiation, suggesting 
the possibility of a distinct subgroup     

  Molecular diagnostics• 
   Indications for molecular genetic testing –

     ° EWSR1  rearrangement is a common 
event in myoepithelial tumors arising 
outside the salivary glands     

  Additional technical considerations –
   FISH: a commercial break apart probe  °
is available for  EWSR1  and can detect 
all molecular variants, but cannot distin-
guish among chromosomal variants, and 
cannot distinguish soft tissue myoepi-
theliomas from other cancers with 
 EWSR1  translocation  
  RT-PCR: variability of breakpoints and  °
diversity of molecular variants provides 
an assay design challenge     

  Additional interpretive considerations –
   t(6;22)/  ° EWSR1–POU5F1  has been 
reported in three cases of hidradenoma 
of the skin and one case of mucoepider-
moid carcinoma of salivary gland           

   Myxoid Chondrosarcoma, Extraskeletal 

    Basic pathology ( • see  Fig.  15.14 ) 
   Rare soft tissue tumor of characteristic his- –
tology and disputed histogenesis  
  The name may be a misnomer, as it is  –
clearly a different lesion from skeletal 
chondrosarcoma  
  Well-circumscribed, lobular mass with  –
gelatinous or mucoid cut surface  
  Microscopically, it is composed of multiple  –
lobules with myxoid stroma and polygonal, 
stellate, or spindled tumor cells with cyto-
plasm that may be vacuolated, mimicking 
signet ring cells or physaliferous cells

   Myxoid areas characteristically have col- °
umns, cords, or strands of tumor cells, 
while hypercellular areas can have many 
different patterns of growth, including solid 
sheets with minimal or no myxoid matrix  
  Cells are immunoreactive for vimentin,  °
S100, and epithelial membrane antigen  
  Differentiated chondrocytes are rare   °
  Electron microscopy shows evidence of  °
cartilaginous differentiation        

  Clinical features• 
   This rare tumor is most common in middle  –
age adults, and is very rare in children (5% 
of patients are younger than age 20); males 
are more frequently affected than females  

  Fig. 15.14    Extraskeletal myxoid chondrosarcoma. Low-
power image on the  left  shows ribbons and cords of tumor 
cells in a myxoid stroma. High-power image on the  right  

shows cytologic features of the cancer cells, including 
small, dark nuclei vacuolated cytoplasm, and bubbly myx-
oid stroma       
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  The lesion is most common in extremities  –
(85%), particularly lower (75%), and is 
usually located in deep soft tissues, where 
it presents as a slow growing mass  
  Usual treatment is wide surgical excision,  –
with adjuvant chemotherapy and/or radio-
therapy in case of lymph nodes or metastasis  
  Prognosis is poor, with mean survival of 20  –
months, and a high rate of metastasis, espe-
cially to lungs     

  Molecular genetic pathology• 
   t(9;22)(q22;q12) in approximately one- –
third of cases ( see  Fig.  15.2H )

     ° EWSR1  gene (at 22q12) breakpoints in 
introns 7, 11, 12  
    ° NR4A3  ( CHN ,  TEC ,  NOR1 ) gene (at 
9q22)  
  Fusion contains nearly entire   ° NR4A3  
steroid/thyroid hormone nuclear recep-
tor protein juxtaposed to amino terminal 
portion of  EWSR1 , under regulatory 
control of the constitutively expressed 
 EWS  promoter

   The exact mechanism of oncogenesis  
is unclear        

  Molecular variants –
   Type 1:   ° EWSR1  exon 12—NR4A3 exon 3  
  Type 2:   ° EWSR1  exon 7—NR4A3 exon 2  
    ° EWSR1  exon 11— NR4A3  exon 1     

  Chromosomal variants –
   t(9;17)(q22;q11) with   ° TAF15  ( TAF2N , 
 TAFI168 ,  RBP56 ) –NR4A3  fusion  

  t(9;15)(q22;q21) with   ° TCF12  ( HTF4 ) –
NR4A3  fusion  
  t(3;9)(q11;q22) with   ° TFG–NR4A3  fusion        

  Molecular diagnostics• 
   Test indications: establish diagnosis, as  –
morphology in hypercellular lesions is not 
distinctive  
  Additional technical considerations –

   FISH: commercial break apart probe is  °
available for  EWSR1 , can detect t(9;22) 
but not other chromosomal variants  
  RT-PCR: different primers for type 1  °
and type 2 fusion transcripts may be 
indicated due to large distance between 
 EWSR1  breakpoints in these two molec-
ular variants           

   Myxoid Liposarcoma 

    Basic pathology ( • see  Fig.  15.15 ) 
   Most common malignant soft tissue tumor  –
in adults  
  Arising from adipose tissue   –
  Tumor consists of hypocellular myxoid tis- –
sue with a rich capillary network in a clas-
sic “chicken wire” pattern  
  Characteristic lipoblasts, mononuclear  –
cells, or multinuclear cells with cytoplas-
mic lipid vacuoles that push aside and 
indent the nucleus  
  May be dif fi cult to identify      –

  Fig. 15.15    Myxoid liposarcoma. Low-power image on 
the  left  shows characteristic pattern of delicate arborizing 
capillaries that vaguely resemble chicken wire. High-

power image on the  right  shows characteristic lipoblasts 
with scalloped nuclei indented by circular globules of 
optically clear cytoplasmic fat       

 



352 N.I. Lindeman and P.D. Cin

  Clinical features• 
   Primarily affects adults (median age, 55–60)   –
  Lower extremities most often affected   –
  Usual treatment is surgical excision   –
  Five-year survival is good for pure myxoid  –
liposarcoma (70%), but not for round cell 
liposarcoma (18%)  
  Metastasis is usually to lung      –

  Molecular genetic pathology• 
   t(12;16)(q13;p11) in 90% of cases (  – see  
Fig.  15.2I )

     ° FUS  gene (at 16p11) breakpoints in 
introns 5, 7, and 8  
    ° DDIT3  ( CHOP ,  GADD153 ) gene (at 
12q13) breakpoint in intron 1 or exon 2  
  Oncogenicity of FUS–CHOP fusion  °
protein has been shown in vitro and in 
animal models  
  Molecular variants °

   Type I:    FUS  exon 7— DDIT3  exon 2 
(20%)  
  Type II:    FUS  exon 5— DDIT3  exon 2 
(70%)  
  Type III:    FUS  exon 8— DDIT3  exon 
2 (10%)        

  Chromosomal variant: t(12;22)(q13;q12)  –
with  EWSR1–DDIT3  fusion     

  Molecular diagnostics• 
   Indication for testing –

   Establish diagnosis      °
  Additional technical considerations –

   FISH: commercial break apart probe is  °
available for  DDIT3 ,  FUS , and  EWS . 
The  CHOP  ( DDIT3 ) probe is most use-
ful for myxoid liposarcoma, as it enables 
detection of both t(12;16) and t(12;22)  
  RT-PCR: a single primer set (  ° FUS  exon 
5 and  DDIT3  exon 3) can amplify all 
three molecular variants, which can then 
be distinguished by size     

  Additional interpretive considerations –
   Round cell liposarcoma, a high grade  °
liposarcoma, also contains the same 
t(12;16), suggesting that these lesions may 
be high grade variants of myxoid liposar-
coma, rather than a separate category  
  Some areas in myxoid liposarcoma may  °
resemble lipoblastoma, a benign lesion 
of childhood

   In very rare cases, myxoid liposar- 
coma may occur in children, and in 
these cases molecular diagnosis may 
be particularly useful  
  Lipoblastomas carry a rearrangement  
of 8q12, involving the  PLAG1  gene     

  Balanced translocations involving  °
12q13–q15 are also seen in benign lipo-
mas, but the gene involved is usually 
 HGMA2  ( HMGIC ), not  DDIT3            

   Myxoin fl ammatory Fibroblastic 
Sarcoma 

    Basic pathology• 
   Multinodular architecture with alternating  –
myxoid and cellular areas  
  Prominent in fl ammatory in fi ltrate contain- –
ing a variable number of mononucleated 
and multinucleated Reed–Sternberg-like 
tumor cells  
  Prominent viral inclusion-like nucleoli and  –
mucin-containing pseudolipoblasts     

  Clinical features• 
   Rare low grade sarcoma   –
  Subcutaneous tissues of digital extremities   –
  Repeated local recurrences, sometimes  –
requiring amputation, but rare metastases     

  Molecular genetic pathology• 
   der(10)t(1;10)(p22;q24), typically unbalanced –

     ° TGFBR3  gene (at 1p22)  
    ° MGEA5  gene (at 10q24)  
  Both candidate genes for the gene fusion  °
are transcribed in opposite directions 
and, thus, are unable to form a fusion 
transcript  
  TGFBR3 and MGEA5 have losses of 5  ° ¢  
sequence  
  The der(10) chromosome contains the  °
residual 3 ¢  sequences from TGFBR3 
and MGEA5     

  Additional chromosome aberrations involv- –
ing chromosome 3 (e.g., ring or marker 
chromosome), with ampli fi cation of 
3p11.1–12.1, containing  VGLL3  gene  
  Overexpression of   – FGF8  on 10q was 
identi fi ed by microarray analysis, sug-
gesting that this translocation may alter 
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gene transcription away from the 
breakpoint     

  Molecular diagnostics• 
   Indications for molecular genetic testing:  –
Currently unclear  
  Additional technical considerations –

   Cytogenetic analysis is best to detect  °
der(10)t(1;10)  
  FISH: no commercial probes are  °
available  
  RT-PCR: Expression levels of both  °
genes do not appear altered     

  Additional interpretive considerations –
   The same genetic alteration, der(10) °
t(1;10), has been reported in hemosi-
derotic  fi brolipomatous tumor, a pre-
dominantly fatty lesion arising with 
predilection in the subcutaneous tis-
sues of the ankle of middle-aged 
women  
  The coexistence of mixed tumors, with  °
both pathologic features, either synchro-
nously or metachronously in primary 
lesions or a subsequent recurrence, sug-
gests either different morphologic vari-
ants or different level of progression of a 
single entity           

   Synovial Sarcoma 

    Basic pathology ( • see  Fig.  15.16 ) 
   Malignant soft tissue tumor of uncertain  –
histogenesis  
  Features of both mesenchymal and epithe- –
lial differentiation  
  The name is a misnomer, as the tumor is  –
unrelated to synovium  
  Although classic synovial sarcoma is a  –
biphasic tumor with both spindled and epi-
thelial morphology, monophasic variants 
are equally common  
  Most monophasic synovial sarcomas are  –
spindle cell type  
  Both cell types express both epithelial (e.g.,  –
keratin, epithelial membrane antigen, car-
cinoembryonic antigen [CEA]) and mesen-
chymal (e.g., vimentin) markers by IHC     

  Clinical features• 
   Fourth most common sarcoma, with over- –
all incidence of 2.75/100,000  
  Primarily affects adolescents and young  –
adults, and males are more often affected than 
females  
  Usually presents in para-articular regions  –
of extremities, especially knees and ankles  

  Fig. 15.16    Synovial sarcoma. High-power view on the 
 left  shows predominantly spindle-shaped tumor cells with 
focal epithelial patterns, including a rudimentary glandu-
lar structure in the lower right corner. The image on the 

 right  shows a low-power view of a biphasic synovial sar-
coma stained with polyclonal antibodies directed against a 
mixture of cytokeratins, demonstrating epithelial elements 
( brown ) growing within the spindle cell population ( blue )       
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  Disease course ranges from very aggres- –
sive to very indolent, with 5-year survival 
45–60%  
  Favorable prognostic factors include young  –
age, small tumor, low mitotic activity  
  Lymph node metastasis more common than  –
in other sarcomas (10–15% of cases)  
  Complete surgical excision is usual treat- –
ment; postoperative radiotherapy and adju-
vant chemotherapy may enable limb-sparing 
surgery and limit metastasis     

  Molecular genetic pathology• 
   t(X;18)(p11.2;q11.2) in approximately  –
90% ( see  Fig.  15.2J )

     ° SS18  ( SYT ) gene (at 18q11.2)  
    ° SSX1  or  SSX2  genes (both at Xp11.2)  
  Fusion protein contains carboxy terminal  °
portion of SSX1 or SSX2, both contain-
ing Kruppel-type zinc  fi nger DNA-
binding transcriptional repression 
domains, and amino terminal portion of 
SYT, containing a novel QPGY transac-
tivation domain, under control of the 
TATA-less CpG rich SS18 promoter

   Mechanism of oncogenesis remains  
under investigation     

  Molecular variants involve the fusion of  °
either  SSX1  or  SSX2  to  SS18 

   These genes have extreme (>90%)  
homology to one another  

  Rare cases of    SSX4–SYT  fusions have 
also been reported        

  Chromosomal variant: a single case of  –
t(X;20)(p11;q13), with an  SSX1–SS19L1  
fusion being reported     

  Molecular diagnostics• 
   Indications for molecular genetic testing –

   Establish diagnosis: classic biphasic  °
lesions are generally straightforward to 
diagnose, but monophasic and poorly 
differentiated lesions may require cyto-
genetic and/or molecular tests  
  Prognosis: this is controversial, as early  °
studies suggested that  SS18–SSX1  
fusions have signi fi cantly worse prog-
nosis (survival ~40% vs. ~80% for 
 SS18–SSX2 ), but more recent data has 
shown that there is no association 
between fusion type and outcome when 
a three-part histologic grading scheme 
is used     

  Additional technical considerations –
   Karyotype: rare variant translocation or  °
marker chromosomes can occur  
  FISH: commercial break apart probe for  °
 SS18  is available, but cannot distinguish 
 SS18–SSX1  from  SS18–SSX2   
  RT-PCR is required to distinguish   ° SS18–
SSX1  from  SS18–SSX2  transcripts ( see  
Fig.  15.17 )      

  Fig. 15.17    RT-PCR of synovial sarcomas. The two gels 
show RT-PCR analysis of two cases (1 and 2), using paired 
reactions for the  SSX1-SS18  and  SSX2-SS18  fusion tran-
scripts, from both frozen and formalin- fi xed paraf fi n-
embedded tissues. All samples were tested in duplicate. 
The frozen samples each showed RT-PCR ampli fi cation 

of fusion transcripts with one set of primers, indicating 
which variant of translocation was present, but 
ampli fi cation failed for paraf fi n-embedded tissues from 
the same cases. It is not uncommon for  fi xed tissue sec-
tions to show poor ampli fi cation in RT-PCR assays, pre-
sumably due to degradation of RNA       
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  Additional interpretive considerations –
   Biphasic tumors have, almost exclu- °
sively,  SS18–SSX1  fusions  
  Monophasic tumors can have either fusion,  °
but  SS18–SSX2  fusions are more likely  
  Any synovial tumor with abnormal  °
karyotype without a t(X;18) needs to be 
further investigated by FISH and molec-
ular techniques  
  Cases have been reported of tumors with  °
coexisting  SS18–SSX1  and  SS18–SSX2  
transcripts detected by RT-PCR                
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   Tumors of the Central Nervous System 

   Overview 

    While morphologic and immunohistochemi-• 
cal evaluations remain the gold standard in the 
diagnosis of central nervous system (CNS) 
neoplasms, molecular techniques and cytoge-
netic analysis are serving an expanding role in 
supplementing the classi fi cation of the more 
dif fi cult and challenging cases  
  The recent  fi ndings that certain genetic altera-• 
tions may in fl uence the survival or therapeutic 
responsiveness of some CNS neoplasms, add 
a whole new dimension to the signi fi cance of 
ancillary molecular testing in these tumors  
  More importantly, the discovery of new candi-• 
date genes in CNS tumors may allow for 
molecular-targeted therapy (so-called gene 
therapy), which in theory is more speci fi c to 
tumor cells and less toxic to normal cells  
  Among the most commonly utilized techniques • 
in the genetic characterization of CNS neo-
plasms, are  fl uorescence in situ hybridization 
(FISH), loss of heterozygosity (LOH), and 
comparative genomic hybridization (CGH)  
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  Gene expression pro fi ling of CNS tumors by • 
cDNA macroarrays provides genetic 
 fi ngerprinting, which promises to serve both a 
diagnostic and therapeutic role      

   Glial Tumors 

   Astrocytomas 

    General molecular concepts in diffuse • 
( fi brillary) astrocytomas

   De fi nition –
   A group of diffusely in fi ltrative gliomas  °
characterized by astrocytic features and 
variable expression of glial  fi brillary 
acidic protein (GFAP). They are the most 
common (−40%) among primary CNS 
neoplasms and encompass a heteroge-
neous group of neoplasms (Table  16.1 )   
  Diffuse astrocytomas, particularly glio- °
blastoma, have been the most studied 
human gliomas in the past two decades  
  Glioma tumorigenesis is a highly com- °
plex process that involves activation of 
oncogenes and inactivation of tumor 
suppressor genes     

  Genetic susceptibility –
   Several inherited tumor syndromes  °
impose an increased susceptibility to 
developing astrocytomas; although rare, 
these provided a  fi rst clue to understand-
ing the role of speci fi c genes, their asso-
ciated pathways and to testing them in 
animal models. Familial cancer 
 syndromes implicated in the pathogen-
esis of gliomas include

   Li–Fraumeni syndrome and   � TP53  ger-
mline mutations: chromosome 17p13  
  Turcot syndrome �

   Mismatch repair (MMR) associ- 
ated (type I): 3q21.3 ( MLH1 ), 
2p16 ( MSH2  and  MSH6/GTBP ), 
5q11-q13 ( MSH3 ), 2q32 ( PMS1 ), 
or 7p22 ( PMS2 )  
  Familial adenomatous polyposis  
(FAP)-associated (type 2): 5q21 
(adenomatous polyposis coli [ APC ])     

  Tuberous sclerosis (TS [  � TSC1 : 9q34; 
 TSC2 : 16p13.3])  
  Neuro fi bromatosis type 1 (  � NF1 ): 
chromosome 17q11.2  
  Neuro fi bromatosis type 2 (  � NF2 ): 
chromosome 22q12  
  Retinoblastoma (  � RB ): chromosome 
13q14  
  Multiple enchondromatosis (Maffucci/ �
Ollier disease)        

  Genetic alterations and pathways implicated  –
in the pathogenesis of diffuse astrocytomas

   Tumor suppressor genes °
     � TP53/MDM2/p14   ARF   pathway

      TP53  gene
   Maps to chromosome 17p13.1   
     TP53  is a transcriptional 
transactivator, which has vari-
ous regulatory functions 
involving cell cycle, cell dif-
ferentiation, apoptosis, angio-
genesis, and DNA repair. 
DNA damage activates p53  
     TP53  inactivation appears to 
be an early event in astrocy-
toma tumorigenesis and later 
progression toward secondary 
glioblastoma. Thus, the fre-
quency of  TP53  mutations 
does not signi fi cantly increase 
during malignant progression     

  Loss of normal p53 function may  
result from altered expression of 
any of the  TP53 ,  MDM2 , and 
 p14   ARF   genes (see below)

      TP53  mutations are a genetic 
hallmark of secondary glio-
blastoma (>65%) and 
observed in >60% of grade II 

   Table 16.1    Diffuse astrocytomas and their 
 corresponding WHO grade    

 Fibrillary astrocytoma (low grade: grade II or 
anaplastic: grade III) 
 Gemistocytic astrocytoma (grade II or III) 
 Protoplasmic astrocytoma (grade II) 
 Glioblastoma (grade IV) 
 Gliosarcoma (grade IV) 
 Gliomatosis cerebri (grade III) 
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astrocytomas. The gemisto-
cytic variant of astrocytoma 
has the highest frequency of 
 TP53  mutations  
     TP53  mutations are observed 
in ~25% of primary (de novo) 
glioblastomas  
  The underlying mechanisms  
for  TP53  mutations in primary 
vs. secondary glioblastomas 
appear different  
     TP53  mutations correlate with 
younger age and a giant cell 
phenotype in glioblastomas  
  Activated p53 induces the  
overexpression of p21 (cell 
cycle regulator), which causes 
growth arrest  
  The immunohistochemical  
expression of p53 does not nec-
essarily imply the presence of a 
mutation (74% concordance)     

     MDM2  gene
   Mouse double minute  
( MDM2 ) gene maps to chro-
mosome 12q 14.3–q15  
     MDM2  encodes a transcrip-
tion factor that binds to mutant 
and wild-type p53 proteins, 
inhibits the activity of wild-
type p53 and promotes its 
degradation, providing an 
alternative mechanism for 
escaping p53-regulated cell 
growth  
  Under normal circumstances,  
 MDM2  gene transcription is 
induced by wild-type p53 cre-
ating an autoregulatory feed-
back loop that regulates the 
activity of p53 protein and the 
expression of MDM2  
     MDM2  ampli fi cation and 
immunohistochemical overex-
pression in primary glioblasto-
mas is observed at a rate of 
10% and 50%, respectively  

  MDM2 overexpression has been  
found to be a negative prognos-
tic indicator in some studies  
     MDM4  gene shows similar 
characteristics to  MDM2  but 
maps to chromosome 1q32     

     p14   ARF   gene
   Similar to    CDKN2A  and 
 CDKN2B  genes,  p14   ARF   maps 
to chromosome 9p21  
     p14   ARF   encodes a protein that 
directly binds to MDM2 and 
inhibits  MDM2 -mediated p53 
degradation  
     p14   ARF   homozygous deletion 
or hypermethylation deregu-
lates p53 function in the 
absence of  TP53  mutation  
  Conversely,    p14   ARF   expression 
is negatively regulated by p53  
     p14   ARF   homozygous deletion 
and hypermethylation can be 
found in low grade diffuse 
astrocytoma (one-third) and 
glioblastoma (50% primary 
and 75% secondary)        

    � p16   INK4a   /CDK4/RB1  pathway
   The members of this signaling  
pathway control the cell cycle 
progression from G1 to S phase. 
Therefore, any altered expression 
involving these genes will result 
in loss of cell cycle control  
     RB  gene ( RB1 ) maps to chromo-
some 13q14. The RB protein 
(retinoblastoma or pRB1) acts as 
a nuclear phosphoprotein involved 
in cell cycle regulation (prevents 
uncontrolled cell proliferation). It 
is phosphorylated by the CDK4/
cyclin D1 complex  
     CDKN2A  and  CDKN2B  altera-
tions ( see  below) may inhibit the 
pRB1 phosphorylation resulting 
in uncontrolled cell proliferation  
     RB1  hypermethylation was seen 
more frequently in secondary 
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glioblastoma (43%) than in pri-
mary glioblastoma (14%). It was 
not detected in low grade or ana-
plastic astrocytoma (late event)  
     p1 6 INK4a  ( CDKN2A ) and  p15  
( CDKN2B ) genes map to chromo-
some 9p21 and encode p16 and 
p15, respectively  
  p16/p15 are proteins that act as  
negative regulators of the cell 
cycle by inhibiting cyclin-depen-
dent kinases (CDK [CDK4/
CDK6])/cyclin D complexes and 
their ability to phosphorylate the 
pRB1  
  Subsequently, homozygous dele- 
tion of  CDKN2A  results in uncon-
trolled cell proliferation through 
loss of p16 INK4a  function  
     CDKN2A  homozygous deletion 
and hypermethylation can be 
found in anaplastic astrocytoma 
and glioblastoma  
     RB1  and  CDNK2A  alterations in 
primary gliomas are inversely 
correlated  
  CDK4 and CDK6 are CDK that  
promote G1 to S phase progression. 
The  CDK4  gene, which maps to 
chromosome 12q13–14, is ampli fi ed 
in approximately 15% of high grade 
gliomas, usually in the absence of 
p16 INK4a  deletion.  CDK6  maps to 
chromosome 7q21–q22 and appears 
to have similar qualities to  CDK4   
     CDK4/CDK6  ampli fi cation, cyclin 
D1 overexpression, and/or  RB1  
show similar consequences to 
 CDKN2A/CDNK2B  mutations and 
appear to be mutually exclusive. 
Gene inactivation in the  CDNK2A/
CDK4/RB1  pathway occurs at an 
overall frequency of 40–50% in 
both primary and secondary 
glioblastomas  
  The    p16   INK4a   /CDK4/RB1  pathway 
may provide for a candidate target 
gene therapy strategies     

    � PI3K/PTEN/AKT  pathway
   Phosphatase and tensin homology  
( PTEN ), also known as mutated 
in multiple advanced cancers 
( MMAC1 ), or TGF b -regulated 
and epithelial cell enriched phos-
phatase ( TEP1 ) gene is mapped 
to chromosome 10q23.3, a 
genomic region frequently lost in 
glioblastoma  
     PTEN  encodes a lipid phosphatase 
that catalyzes dephosphorylation 
of phosphatidylinositol-3,4,5-
triphosphate (PIP3), negatively 
regulating the activity of phos-
phatidylinositol 3-kinase (PI3K) 
and thereby inhibiting cell prolif-
eration, essentially acting as a 
gatekeeper of the PI3K pathway

   PI3K converts PIP2 to PIP3  
which in turn activates down-
stream effector molecules such 
as AKT and the mammalian 
target of rapamycin (mTOR) 
which are essential in regulat-
ing cell migration and invasion 
as well as cell proliferation and 
survival  
  PI3K is recruited to the cell  
membrane upon binding of 
growth factors to EGFR and 
other growth factor receptors     

  The PI3K pathway may represent  
a common therapeutic target to 
most glioblastomas due to its cen-
tral position in the signaling cas-
cade affecting proliferation, 
apoptosis, and migration  
     PTEN  mutations have been impli-
cated in glioma formation and 
progression. They are observed in 
15–40% of glioblastomas, partic-
ularly primary glioblastoma, but 
homozygous deletions are very 
rare  
  AKT is a downstream protein ser- 
ine/threonine kinase (PKB) in the 
 RTK/PTEN/PI3K  pathway and is 
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the principal PIP3 target.  RTK/
PTEN/PI3K  pathway leads to 
activated AKT and phospho-AKT 
levels which help glioma cells 
grow uncontrolled, evade apopto-
sis, and enhance tumor invasion  
     PTEN  alterations also character-
ize oligodendroglioma progres-
sion and have been identi fi ed in 
meningiomas and a number of 
extracranial neoplasms     

  Deleted in malignant brain tumors 1  �
( DMBT1 ) gene

   Maps to chromosome 10q25.3–26.1   
  Homozygously deleted in (~30%)  
of glioblastomas  
  Usually codeleted with    PTEN  in 
glioblastomas     

  Chromosome 10 �
   In addition to    PTEN , and  DMBT1 , 
the long arm of chromosome 10 
(10q) is believed to harbor at least 
one more tumor suppressor locus  
  Overall, LOH on chromosome 10  
regions or complete loss of chro-
mosome 10 are perhaps the most 
common (60–95%) genetic alter-
ations in glioblastomas. LOH 10q 
occur at similar frequencies in 
primary and secondary glioblas-
tomas while LOH 10p occurs 
almost exclusively in primary 
glioblastoma. LOH 10 is far less 
common in lower grade 
astrocytomas        

  Protooncogenes °
   Epidermal growth factor receptor  �
( EGFR/ERBB1/HER1 )

   EGFR is a transmembrane  
tyrosine kinase receptor encoded 
by a gene mapped to chromosome 
7p11

   Under normal conditions,  
EGFR binds to one of its 
extracellular ligands, of which 
TGF and TGFA are the most 
common. Ligand binding to 

EGFR induces receptor phos-
phorylation and homodimer 
formation which in turn acti-
vate a complex downstream 
signal transduction cascades 
leading to DNA synthesis and 
cell proliferation  
     EGFR -ampli fi ed cells appear 
to facilitate tumor proliferation, 
migration, in fi ltration/invasion, 
resistance to apoptosis, and 
tumor neovascularization  
     EGFR  gene is the most com-
monly ampli fi ed gene in 
astrocytic tumors, including 
glioblastoma where it is 
ampli fi ed in 40–60% of pri-
mary glioblastoma, but rarely 
in secondary glioblastoma  
  Ampli fi cation of    EGFR  gene 
in glioblastoma leads to 
downstream activation of 
PI3K/PKB/mTOR/rpS6  
  Genomic    EGFR  ampli fi cation 
is typically accompanied by 
overexpression at the protein 
level, which can also be assessed 
immunohistochemically. EGFR 
overexpression, however, has 
about 70–90% correlation with 
ampli fi cation status  
     EGFR  ampli fi cation correlates 
with older age and a small cell 
phenotype in glioblastomas  
  In addition, in cases where the  
wild-type receptor (EGFRwt) 
has undergone genomic 
ampli fi cation, several mutant 
forms are detected as  EGFR  
gene ampli fi cation induces 
structural alterations produc-
ing several truncated, tumor-
speci fi c, variants of EGFR; 
the most common of which is 
delta EGFR (EGFRvIII), pres-
ent in up to 50% of ampli fi ed 
 glioblastomas, followed by 



362 B.T. Harris and E.M. Hattab

EGFRc958, observed in about 
20% of ampli fi ed cases, often 
in association with EGFRvIII  
  The above results in several  
possible homo- and heterodi-
merization products involving 
EGFRwt and its mutant forms, 
complicating the process and 
potentially evading EGFR tar-
geted therapies  
  Mutant EGFR increases tumor  
cell proliferation and has an 
antiapoptotic effect. Subse-
quently, overexpression of 
mutant EGFR in glioma cells 
confers resistance to chemo-
therapeutic agents  
  To reverse its antiapoptotic  
effect, EGFR may be thera-
peutically targeted using two 
different EGFR inhibitors: 
monoclonal antibodies-MoAbs 
(examples include cetuximab, 
matuzumab, and panitu-
mumab) and small molecule 
inhibitors of EGFR tyrosine 
kinase activity, such as 
ge fi tinib, erlotinib and lapa-
tinib. The mechanism of recep-
tor inhibition differs between 
the two types of drugs. MoAbs 
interfere with EGFR activation 
by blocking the extracellular 
ligand-binding domain. Protein 
kinase inhibitors (PKI) block 
the intracellular tyrosine 
kinase-mediated signaling 
pathways. Interestingly, anti-
EGFR therapies, which act as 
antidimerization agents, were 
found to effectively block 
EGFRwt dimerization and 
activation but did not equally 
impair EGFRvIII homodim-
ers, EGFRwt–EGFRvIII or 
EGFRvIII–EGFRc958 het-
erodimers. Therefore, indepen-
dent of mutant EGFR 

dimerization status, EGFR 
ampli fi cation or expression in 
GBMs have limited use as 
prognostic factors for response 
to anti-EGFR therapeutics  
  It appears that there is a quan- 
titative level and regional 
variability of EGFRwt–
EGFRvIII dimers within 
GBM patient samples that 
may be of potential biologic 
or clinical relevance  
     EGFR  point mutations are 
infrequent (3–5%) in 
glioblastomas  
     EGFR  ampli fi cation is usually 
accompanied by p16 INK4a  dele-
tions but shows inverse rela-
tionship with  TP53  and  PTEN  
mutations        

  Platelet-derived growth factor  �
( PDGF )

   Platelet-derived growth factor  
receptor ( PDGFR ) is a tyrosine 
kinase receptor encoded by a gene 
that maps to chromosome 4q12  
     PDGF  has three known ligands 
and two cell surface receptor 
kinases ( PDGFRA  and  PDGFRB )  
     PDGF  is expressed by astrocytic 
tumor cells while its tyrosine 
kinase receptor  PDGFRB  is 
expressed on endothelial cells  
     PDGF  ligands and receptors are 
expressed almost equally among 
various grades of astrocytoma and 
are therefore implicated in the 
early stages of astrocytoma 
formation  
     PDGFRA  gene ampli fi cation is 
only detected in a small subset of 
glioblastomas     

  Vascular endothelial growth factor  �
( VEGF )

      VEGF  family is comprised of a 
group of growth factors ( VEGF  
A–D) that exert their angiogenic 
and lymphangiogenic effects 
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through the activation of three 
tyrosine kinase receptors, 
 VEGFR1 ,  VEGFR2 , and  VEGFR3 , 
which are normally expressed by 
endothelial cells, monocytes/mac-
rophages, and hematopoietic 
precursors  
     VEGF  is the most important regu-
lator of vascular functions in 
glioma-induced angiogenesis  
  In glioblastoma,    VEGF  is expressed 
by astrocytic tumor cells while its 
tyrosine kinase receptors 1 and 2 
are expressed on endothelial cells  
  In addition to inducing angiogen- 
esis,  VEGF  and its receptors 
( VEGFR ) cause vascular permea-
bility and may also be responsible 
for breakdown of the blood–brain 
barrier and peritumoral edema in 
glioblastoma  
     VEGF  is upregulated in perine-
crotic pseudopalisading cells of 
glioblastoma  
     VEGF  production can be stimu-
lated by hypoxia     

    � CDK4  and  CDK6  (see above)  
    � CCND1  and  CCND3 

   Cyclin D1 and cyclin D3 map to  
chromosomes 11q13 and 6p21, 
respectively  
  Similar to    CDK4/CDK6 , they are 
cell cycle regulators that promote 
G1 to S phase progression  
     CCND1/CCND3  ampli fi cation/
overexpression is identi fi ed in pri-
mary glioblastoma        

  Promoter hypermethylation °
   Recently, several genes that show  �
promoter hypermethylation in astro-
cytic gliomas, particularly glioblas-
tomas, have been identi fi ed. These 
include:

   Cell cycle regulatory genes  
( CDKN2A ,  CDKN2B ,  RB1 , 
 p14   ARF  , and  TP53 )  
  Apoptosis-associated genes such  
as  APAF1   

     MGMT  gene, which encodes the 
constitutively expressed DNA 
repair enzyme  O  6 -methylguanine-
DNA methyltransferase (MGMT) 
that protects cells against alkylat-
ing agents. Virtually all glioblas-
toma patients are currently treated 
with the orally administered alky-
lating agent temozolomide (TMZ). 
TMZ acts to methylate primarily 
the  O  6  position of the nucleotide 
guanine, resulting in cell death. 
However, since cells have an 
inherent DNA repair mechanism 
that can counter the effects of 
TMZ, MGMT will irreversibly 
transfer a methyl group from the 
 O  6  position of the modi fi ed gua-
nine to a cysteine residue of the 
MGMT protein, mitigating against 
the cytotoxic effects of 
chemotherapy  
     MGMT  promoter methylation is 
frequently present in glioblas-
toma (45–75%). Its presence has 
been linked to longer survival of 
glioblastoma patients treated with 
TMZ, giving it a predictive value. 
Nevertheless,  MGMT  promoter 
methylation status has been 
shown to have a prognostic advan-
tage in elderly patients with glio-
blastoma irrespective of TMZ 
therapy. Furthermore, glioblas-
toma patients with unmethylated 
 MGMT  seem to bene fi t from alky-
lating agent administration and 
hence TMZ therapy is not cur-
rently withheld based on  MGMT  
methylation status     

  Similar to   � MGMT , promoter methyla-
tion of the  RB1 ,  p14   ARF  ,  TIMP3 , and 
 TP53  genes are common in glioblas-
toma, with higher frequency in sec-
ondary than primary glioblastoma  
    � RASSF1A  tumor suppressor gene  
    � TFP12  and  SLIT2  genes, whose pro-
teins inhibit invasion and migration  
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  Approximately 40% of glioblasto- �
mas demonstrate hypermethylation 
and transcriptional downregulation 
of the carboxyl-terminal modulator 
protein ( CTMP ) gene, which encodes 
an inhibitor of protein kinase B/Akt  
  Current data suggest that aberrant  �
methylation of genes is more preva-
lent than genetic alterations, in par-
ticular in low grade astrocytomas     

  Other genes °
     � IDH 

   Recently, a genome-wide survey  
identi fi ed somatic mutations in the 
 IDH1  (isocitrate dehydrogenase-1) 
gene at a high frequency in 
younger patients with secondary 
glioblastomas and subsequently in 
lower grade diffuse gliomas  
     IDH1  gene is located on chromo-
some 2p33. The IDH1 protein, 
physiologically located in the 
cytoplasm and peroxisomes, cata-
lyzes the oxidative decarboxyla-
tion of isocitrate to  a -ketoglutarate, 
resulting in the production of 
reduced nicotinamide adenine 
dinucleotide phosphate (NADPH). 
NADPH is an important intracel-
lular antioxidant  
     IDH1  mutations are an early event 
in gliomagenesis. They occur in a 
high proportion (60–100%) of dif-
fuse gliomas of World Health 
Organization (WHO) grade II and 
III and in secondary glioblasto-
mas (>80%) but are rare (<5%) in 
primary glioblastomas. IDH1 is 
highly expressed in oligodendro-
gliomas and oligoastrocytomas 
(>80%) but rare in pediatric and 
brain stem gliomas  
  Mutations in the    IDH2  gene are 
much less common (2–5%) than 
 IDH1 .  IDH1  and  IDH2  mutations 
are mutually exclusive  
     IDH1  mutations at codon 132 are 
by far the most common account-

ing for over 90% of the  IDH1  
mutations. These are character-
ized by a base-pair exchange of 
guanine to adenine (G395A) 
resulting in a substitution of the 
amino acid arginine by histidine 
(R132H). Rarely, other types of 
 IDH1  mutations including R132C 
(4%), R132L (1%), R132S (2%), 
and R132G (2%) are found in dif-
fuse gliomas  
     IDH1  mutation status may be 
assessed using DNA sequencing 
(classical Sanger sequencing 
being most commonly used). 
However, the availability of a 
robust, highly speci fi c immuno-
histochemical monoclonal anti-
body against the mutated 
IDH1–R132H protein, which can 
be performed on formalin- fi xed, 
paraf fi n-embedded (FFPE) sam-
ples, makes quick testing highly 
feasible for every day surgical 
neuropathology practice. While 
the yield is higher with frozen 
samples, genetic analysis of FFPE 
tissues is highly effective given 
the very short DNA segment 
involved  
  As expected with a cytoplasmic  
protein, anti-IDH1–R132H immu-
noreactivity is distinctly cytoplas-
mic, but often accompanied by a 
weaker nuclear immunoreactivity  
  IDH1–R132H immunohistochem- 
istry is exceptionally useful in the 
differential diagnosis of diffuse 
gliomas and reactive gliosis and 
in differentiating oligodendro-
gliomas and diffuse astrocytomas 
from other glial tumors that may 
enter the differential diagnosis 
particularly localized gliomas, 
ependymomas and those with 
clear cell features. Tumor hetero-
geneity does not seem to be a 
signi fi cant issue, though reports 
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of variable immunoreactivity pat-
terns in oligoastrocytomas exist, 
with the oligodendroglial compo-
nent showing more consistent 
IDH1 staining. Gemistocytic 
astrocytes reportedly show weaker 
immunoreactivity  
  A cautionary note is that while  
anti-IDH1–R132H immunohis-
tochemistry seems to be highly 
speci fi c, this testing detects 
approximately 90% of the known 
 IDH  mutations and a negative 
stain should not be interpreted as 
evidence of  IDH -wild type and 
does not exclude a diffuse glioma. 
Furthermore,  IDH1  mutations are 
only detectable in 50–80% of dif-
fuse astrocytomas  
     IDH1  mutations correlate with 
younger age at diagnosis, the pres-
ence of  TP53  mutation, combined 
Ip/I9q deletion,  MGMT  promoter 
hypermethylation and inversely 
correlate with loss of chromosome 
10,  EGFR  ampli fi cation, poly-
somy of chromosome 7, and the 
presence of necrosis but not with 
the Ki67 proliferation index  
  Early studies suggest improved  
survival times for diffuse gliomas 
with  IDH1  mutations, indepen-
dent of other prognostic variables. 
One study showed improved out-
come for  IDH1  and  IDH2  mutated 
tumors, with median overall sur-
vival of 31 vs. 15 months for glio-
blastoma lacking mutations and 
65 vs. 20 months for anaplastic 
astrocytoma. The observation that 
anaplastic astrocytomas lacking 
 IDH  mutations have been shown 
to have shorter survival times lead 
some to argue that these are prob-
ably underdiagnosed glioblasto-
mas. It has also been suggested 
that anaplastic oligodendro-
gliomas lacking  IDH  mutations 

might also lack combined 1p/19q 
deletions. However, the complete 
role of  IDH  mutations as prog-
nostic indicators is still being 
de fi ned  
  The role of    IDH  mutations as a 
predictive marker requires addi-
tional studies. Targeted therapies 
are not yet available     

  Deleted in colorectal cancer (  � DCC )
   Located on chromosome 18q21;  
encodes a cell surface receptor  
  Induces apoptosis and G2 to M cell  
cycle arrest in tumor cells  
  The immunohistochemical loss of  
 DCC  expression increases during 
glioma progression (late event in 
secondary glioblastoma)  
  Less frequently implicated in pri- 
mary glioblastoma                

   Low Grade Fibrillary Astrocytoma 
    De fi nition• 

   A well-differentiated (WHO grade II), dif- –
fusely in fi ltrative glial neoplasm comprised 
of  fi brillary neoplastic astrocytes     

  Clinical features• 
   Children and young adults   –
  Occurs anywhere in the white matter of  –
cerebrum, cerebellum, brainstem, or spinal 
cord  
  Radiographically appears as a poorly  –
de fi ned, noncontrast-enhancing solid lesion     

  Pathologic features• 
   Low to moderate cellularity   –
  Ill-de fi ned in fi ltrative borders   –
  Nuclear atypia is usually mild to  –
moderate  
  Mitoses are rare or absent and vascular pro- –
liferation and necrosis are universally 
lacking     

  Genetic  fi ndings• 
   High frequency of   – IDH  mutations (60–
100%) and immunohistochemical expres-
sion, see above  
    – TP53  mutations (>60% of cases); clinical 
outcome does not appear to be in fl uenced 
by  TP53  mutational status, although some 



366 B.T. Harris and E.M. Hattab

studies suggest a shorter progression inter-
val for those with  TP53  mutation  
  LOH on 17p with complete absence of a  –
wild-type gene is seen in most cases with 
 TP53  mutation  
    – BRAF   V600E   mutations are absent  
  Copy number alterations –

   Gains on chromosome 7, usually as tri- °
somy/polysomy, and 8q ampli fi cation, 
constitute the most common chromo-
somal abnormalities (>50% of cases) 
detected by CGH  
  Gains on 7q, 5p, 9, and 19p and losses  °
on 19q, 1p, and Xp were most frequently 
identi fi ed by CGH in one study  
  Losses of chromosome 6, 10p, 13q, 22q,  °
and sex chromosome in small percent-
age of cases     

    – PDGFRA  overexpression; (not 
ampli fi cation) preferentially in tumors with 
LOH on 17p  
    – p14   ARF   and  MGMT  promotor methylation 
in approximately 30% and 50% of cases, 
respectively  
  Reported in association with inherited multi- –
ple enchondromatosis type 1 (Ollier disease)        

   Gemistocytic Astrocytoma 
    De fi nition• 

   A diffusely in fi ltrative astrocytoma in  –
which gemistocytic astrocytes comprise at 
least 20% of the tumor cells     

  Clinical features• 
   Similar to diffuse  fi brillary astrocytoma      –

  Pathologic features• 
   Usually WHO grade II; grade III if show- –
ing signs of anaplasia  
  Gemistocytic astrocytes are characterized  –
by large, glassy, eosinophilic cytoplasm 
with an arborizing network of randomly 
oriented processes. The nuclei are eccentri-
cally placed with small nucleoli     

  Genetic  fi ndings• 
     – TP53  mutations are more common (>80% 
of cases) than the typical grade II 
astrocytoma  
  Otherwise, similar alterations to WHO  –
grade II diffuse astrocytoma        

   Protoplasmic Astrocytoma 
    De fi nition• 

   A super fi cially located, diffuse astrocy- –
toma of low cellularity characterized by 
prominent microcyst formation (WHO 
grade II)     

  Clinical features• 
   Super fi cial location   –
  Otherwise, similar to diffuse  fi brillary  –
astrocytoma     

  Pathologic features• 
   Protoplasmic astrocytes are small cells  –
with little cytoplasm and scant GFAP 
immunoreactivity  
  Mucoid degeneration   –
  Microcyst formation      –

  Genetic  fi ndings• 
   Little information exists on the molecular  –
genetics of protoplasmic astrocytoma; 
however, it is believed that the molecular 
events are comparable with those seen in 
other low grade diffuse astrocytomas        

   Anaplastic Astrocytoma 
    De fi nition• 

   A diffuse astrocytoma exhibiting cellular  –
atypia and mitotic activity (WHO grade III)     

  Clinical features• 
   Predominantly adults; older than patients  –
with low grade astrocytomas and younger 
than those with glioblastomas  
  Preferentially involves the cerebral  –
hemispheres  
  May involve brainstem and thalamus in  –
children  
  Male:female ratio of 1.8:1   –
  Often demonstrates focal or patchy radio- –
graphic enhancement     

  Pathologic features• 
   Wide spectrum of histologic appearance  –
that features the presence of one or more of 
the following in focal or diffuse patterns

   Increased cellularity   °
  Cytologic atypia   °
  Mitotic activity (more than 1 mitosis in  °
entire biopsy)  
  High proliferative activity (>4%)      °

  Necrosis and vascular proliferation are absent      –
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  Genetic  fi ndings• 
   Similar to WHO grade II diffuse astrocy- –
toma, there is high frequency of  IDH  and 
 TP53  mutations, LOH 17p, and chromo-
some 7 gains  
  Deletions of   – p16  ( CDKN2A ) (30%),  p14   ARF  , 
and  p15  ( CDKN2B ) (all on chromosome 
9p)  
    – CDK4  ampli fi cation and overexpression 
(10%), preferentially in tumors without 
 CDKN2A  deletion or mutation  
    – RB1  alterations (25%) in tumors lacking 
 CDK4  and  CDKN2A  abnormalities  
    – PTEN/MMAC1  mutations are less frequent 
(18–23%), than glioblastoma.  PTEN  muta-
tion implies a poor prognosis  
    – EGFR  ampli fi cation is rare (10%) com-
pared to glioblastoma  
  Deletions on chromosome 6 (30%), 10q  –
(30–60%), 11p (30%), 19q (40%), and 22q 
(30%)  
    – BRAF   V600E   mutations are virtually absent        

   Glioblastoma 
    De fi nition• 

   A highly malignant (WHO grade IV),  –
poorly differentiated, diffuse astrocytoma 
that may be primary (de novo) or second-
ary (from a lower grade glial neoplasm)     

  Clinical features• 
   Mostly adults in their sixth, seventh, or  –
eighth decades  
  Preferentially involves the cerebral  –
hemispheres  
  Male:female ratio of 1.5:1   –
  Typically demonstrates ring-like enhance- –
ment radiographically     

  Pathologic features (Fig.  • 16.1 ) 
   Highly cellular   –
  High degree of cytologic and nuclear  –
anaplasia  
  Highly mitotic, including atypical forms   –
  High proliferative activity   –
  Vascular proliferation, sometimes glomeruloid   –
  Geographic and palisading necrosis      –

  Genetic  fi ndings• 
   Glioblastoma is as genetically heteroge- –
neous as it is phenotypically. Much of the 

genetic heterogeneity can be attributed to 
the two distinct pathways through which 
glioblastoma evolves; primary 95% vs. 
secondary 5%. It is now well accepted that 
de novo (primary) glioblastoma shows dif-
ferent genetic alterations from secondary 
glioblastoma  
  Nevertheless, the functional consequences  –
of the different genetic alterations are simi-
lar since they result in alterations of the 
same pathways ( TP53 ,  RB1 PTEN  /PI3K/
AKT , and mitogen- PTEN- activated protein 
kinase)  
  Recently, the Cancer Genome Atlas  –
Network (TCGA) subdivided glioblasto-
mas into  classical ,  mesenchymal  and 
 proneural  subtypes, using gene expres-
sion-based molecular classi fi cation. Each 
group shows a different aberration and 
gene expression, which may predict ther-
apy ef fi cacy. The  proneural  subtype was 
associated with younger age,  PDGFRA  
abnormalities,  IDH1  and  TP53  mutation 
and resistance to TMZ and radiation ther-
apy. The  classical  GBM with  EGFR  abnor-
malities showed the best response to 
therapy, while the  mesenchymal  subtype, 
characterized by high expression of 
 CHI3L1  and  MET  and  NF1  mutation/dele-
tion, reported only a partial response to 
treatment  

  Fig. 16.1    Glioblastoma: a hypercellular glial neoplasm 
with large hyperchromatic irregular nuclei. Note the high 
degree of nuclear pleomorphism and the area of palisad-
ing necrosis toward the center       
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  The fact that glioblastomas share many  –
genetic alterations, where each individual 
tumor has its own unique pattern of genetic 
changes represents a considerable barrier 
to the development of effective therapeutic 
intervention  
  Being the most malignant of all astrocytic  –
neoplasms, glioblastomas harbor the most 
genetic alterations, as they are thought to 
accumulate sequential changes along the 
path to malignancy  
  LOH on chromosome 10 occurs at a high  –
frequency in all types of glioblastomas, 
regardless of age (adult vs. pediatric) and 
regardless of their evolution pathway (pri-
mary vs. secondary)  
  Immunohistochemical detection of p53  –
protein occurs at a higher frequency than 
 TP53  mutations in both primary and sec-
ondary glioblastomas  
  High grade gliomas demonstrate loss of  –
p27 (cell cycle regulator) expression 
(expressed in 44% of grade II astrocy-
tomas compared with only 2% of 
glioblastomas)  
    – Primary glioblastoma  (older age of onset 
and an aggressive clinical course)

   Higher frequency of: °
     � EGFR  ampli fi cation and immunohis-
tochemical overexpression (−40% 
and 60%, respectively)  
  Homozygous deletion of   � p16  
( CDKN2A ) (~40%) and  p14   ARF    
    � CDK4  ampli fi cation  
    � MDM2/MDM4  ampli fi cation: 
 MDM2  gene ampli fi cation and 
immunohistochemical overexpres-
sion in approximately 10% and 50%, 
respectively  
    � RB1  mutation/homozygous 
deletion  
  10q loss/monosomy 10 (70%)   �
    � PTEN  mutation (largely restricted to 
primary glioblastoma)     

    ° IDH  mutations are very rare or absent, 
as are  BRAF   V600E   mutations  
  In primary glioblastoma, LOH 10  °
 usually manifests as loss of the entire 

chromosome (LOH 10p and 10q) with 
10q loss being especially associated 
with the small cell phenotype of 
glioblastoma  
  Nearly all glioblastomas with   ° EGFR  
ampli fi cation show simultaneous loss of 
chromosome 10 (LOH 10p and 10q)  
    ° TP53  mutations are less frequent (10–30%) 
than secondary glioblastoma. However, the 
p53 pathway is altered in more than two-
thirds of primary glioblastomas, due to 
either  TP53  mutation,  p14   ARF   alteration, or 
 MDM2/MDM4  ampli fi cation  
    ° TP53  mutations,  p16  ( CDKN2A ) dele-
tion,  EGFR  ampli fi cation, and  PTEN  
mutations are inversely associated with 
each other, except for a positive correla-
tion between  p16  ( CDKN2A ) deletion 
and  EGFR  ampli fi cation  
    ° MDM2  overexpression/ampli fi cation 
and  TP53  inactivation are mutually 
exclusive events as MDM2 protein binds 
to p53 and inhibits its activity  
    ° p16  ( CDKN2A ) deletions and  RB1  alter-
ations are also mutually exclusive  
  LOH 19q is rare (<10%) but has been  °
implicated in malignant progression of 
astrocytic lesions. In addition, chromo-
some, 19 alteration is a feature shared 
by all three types of diffuse gliomas 
(astrocytomas, oligodendrogliomas and 
ependymomas)  
  Gain of chromosome 7   °
  LOH 17   °
  Chromosome 3 alterations      °

  Secondary glioblastoma (younger age of  –
onset and a more protracted clinical course)

     ° TP53 , and  IDH  mutations and LOH 10q 
are among the most common genetic 
abnormalities (65%, 85%, and 63%, 
respectively)  
    ° EGFR  gene ampli fi cation is absent or 
exceedingly rare in secondary glioblas-
toma but its protein may be detected immu-
nohistochemically in a minority of cases  
  In secondary glioblastoma, LOH 10 is  °
usually limited to the long arm of chro-
mosome 10 (LOH 10q; >60%)  
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    ° p16  ( CDKN2A ) deletions, ampli fi cation 
of  EGFR ,  MDM2  or  MDM4  and  PTEN  
mutations are rare  
  Loss of   ° RB  function and  CDK4  
ampli fi cation are common alterations  
    ° PDGFRA  gene ampli fi cation is much 
less frequent than lower grade astrocy-
tomas (<10%) but more common than 
primary glioblastoma  
  LOH 19q and 13q are common (>50%)   °
  Loss of immunohistochemical expres- °
sion of DCC is common (~50)     

  LOH 1p is equally detectable in primary  –
and secondary glioblastoma (12–15%) 
while LOH 22q is signi fi cantly more 
frequent in secondary glioblastoma 
(82%)  
  While the vast majority of pediatric glio- –
blastomas arise de novo, their genetic alter-
ations more closely resemble those seen in 
adult secondary glioblastomas, albeit with 
less frequency of  TP53  mutations and LOH 
17q.  TP53  mutations are even less frequent 
in the very young (<3 years) compared to 
older children. Microsatellite instability 
(MSI) is more common than in adult glio-
blastoma and typically associated with 
shorter survival. Unlike adult primary glio-
blastomas, they show a low rate of  EGFR  
ampli fi cation, and  PTEN  and  CDKN2  dele-
tions as well as absence of  MDM2  
ampli fi cation. Copy number abnormalities 
include gain of 1q, 3q, and 16p and loss of 
8q and 17p  
  The   – small cell glioblastoma  phenotype 
typically shows  EGFR  ampli fi cation, 
 p16   INK4a   ( CDKN2A ) homozygous deletion, 
 PTEN  mutations and LOH 10q  
    – Giant cell glioblastoma  is a rare variant of 
glioblastoma clinically characterized by 
well-circumscribed, super fi cially located 
cortical lesions in patients of a slightly 
younger age group than is typical for glio-
blastoma. Histologically, they show pre-
dominance of giant bizarre-shaped and 
multinucleated astrocytes embedded in a 
reticulin-rich stroma. Their genetic altera-
tions are a mixture of what is found in pri-

mary and secondary glioblastomas. They 
demonstrate high frequency of  TP53  
(~90%) and  PTEN  (~30%) mutations, but 
generally lack  EGFR  ampli fi cation and 
 p16   INK4a   and  p14   ARF   deletions  
    – Gliosarcoma  is another uncommon variant 
of glioblastoma characterized by a dis-
tinctly biphasic pattern of glial and mesen-
chymal areas. Its genetic alterations are 
very similar to those of primary glioblas-
toma except for less frequent or absent 
 EGFR  ampli fi cation and overexpression. It 
has been shown that both gliosarcoma 
components are monoclonal     

  Possible prognostic implications• 
   The prognostic signi fi cance of   – EGFR  
ampli fi cation and overexpression status in 
glioblastoma is highly controversial with 
some studies reporting signi fi cantly shorter 
survival periods, others showing no 
signi fi cant correlation while some reports 
claiming a favorable clinical outcome. EGF 
tyrosine inhibitors and anti- EGFR  targeted 
immunotherapy are available with mixed 
results  
  Early studies suggest improved survival  –
times for glioblastoma patients with  IDH1  
mutations, independent of other prognostic 
variables (see above)  
  The prognostic value of   – TP53  mutations 
remains an unsettled issue  
  Most studies point to 10q loss/monosomy  –
10 as an independent predictor of shorter 
patient survival  
    – MDM2  ampli fi cations correlated with poor 
outcome in both univariate and multivari-
ate analysis  
    – MGMT  promoter methylation has been 
proven to be an independent and stronger 
prognostic factor, better than age, stage 
and tumor grade, and predicting respon-
siveness to alkylating agents, including 
TMZ  
  Losses involving p16, 19q, and p27 are  –
alterations that all have shown promise as 
potential prognostic markers in adult 
astrocytoma        
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   Pilocytic Astrocytoma 
    De fi nition• 

   A relatively benign (WHO grade I), slowly  –
growing form of localized astrocytoma that 
has a propensity to involve children and 
young adults and occurs predominantly in 
the infratentorium     

  Clinical features• 
   May occur at any age; however, it is most  –
common in children and young adults ( fi rst 
and second decades)  
  Pilocytic astrocytoma is by far the most  –
common glioma in children  
  Has been reported throughout the CNS, but  –
occurs at a disproportionally higher fre-
quency in the posterior fossa. Other pre-
ferred sites include the optic nerve and 
chiasm, thalamus/hypothalamus, and 
brainstem  
  Clinical presentation is largely dependent  –
on site of involvement and includes signs 
of increased intracranial pressure, visual 
disturbances, and cerebellar symptoms  
  Radiographically appears as well-circum- –
scribed, contrast-enhancing lesions. Those 
outside the brainstem and thalamic/hypo-
thalamic axis frequently show cyst forma-
tion. A classic cerebellar pilocytic 
astrocytoma shows a large solitary cyst 
with an enhancing mural nodule     

  Pathologic features• 
   Biphasic pattern showing alternating com- –
pact and loose areas (Fig.  16.2 )   
  The compact areas are made up of bundles  –
of spindled astrocytic cells characterized 
by elongated bland nuclei and bipolar 
wispy cytoplasm. These piloid cells show 
intense GFAP reactivity. Rosenthal  fi bers 
are usually abundant in these areas  
  The loose hypocellular areas may show  –
prominent microcyst formation and depo-
sition of eosinophilic granular bodies. The 
tumor cells have bland round to oval nuclei, 
pale cytoplasm, and short cobweb-like pro-
cesses. GFAP is weakly immunoreactive  
  Oligodendroglial-like areas may be seen   –
  Pilocytic astrocytomas are vascular tumors  –
that may show vascular proliferation, 

 including glomeruloid pattern. Unlike dif-
fuse astrocytomas, the presence of vascular 
proliferation bears no prognostic 
signi fi cance. The same holds true for 
necrosis  
  Mitoses are rare but degenerative nuclear  –
atypia may be prominent     

  Genetic  fi ndings• 
   Pilocytic astrocytoma is the most common  –
CNS tumor as part of the NF1 complex. 
Optic nerve involvement is classic. Most 
 NF1-associated pilocytic astrocytomas  
appear genetically distinct from sporadic 
tumors and carry allelic losses at the  NF1  
tumor suppressor gene locus at 17q11.2 
resulting in constitutive RAS activation 
and downstream hyperactivation of the 
mTOR pathway. This subset of tumors 
show reduced expression of neuro fi bromin 
protein, the  NF1  gene product and alde-
hyde dehydrogenase 1 family member L1 
(ALDH1HL). The latter was also underex-
pressed in clinically aggressive pilocytic 
astrocytomas and in those with atypical 
histologic features. A clinical diagnosis of 
NF1 was present in 28% of anaplastic pilo-
cytic astrocytomas in one study  
    – Sporadic pilocytic astrocytomas , on the 
other hand, rarely demonstrate allelic losses 

  Fig. 16.2    Pilocytic astrocytoma: the characteristic bipha-
sic pattern of relatively compact eosinophilic component 
made up of bipolar cells with elongated nuclei ( right side ) 
and loose hypocellular component with more stellate 
appearing tumor cells ( left side ). Note the scattered 
Rosenthal  fi bers ( arrows )       
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at the  NF1  locus. In fact, neither  NF1  muta-
tions nor loss of  NF1  mRNA expression 
were found in sporadic pilocytic astrocy-
tomas, arguing against an important role of 
 NF1  in the tumorigenesis of sporadic pilo-
cytic astrocytomas. However, sporadic 
pilocytic astrocytomas may activate RAS 
through other mechanisms. Interestingly, 
sporadic pilocytic astrocytomas show 
immunohistochemical overexpression of 
neuro fi bromin  
  Consistent genetic abnormalities in spo- –
radic pilocytic astrocytomas have only 
recently been identi fi ed. BRAF aberrations, 
most commonly in the form of tandem 
duplication at chromosome 7q34 contain-
ing a  BRAF–KIAA1549  gene fusion occur 
in 66–70% of the cases. These  fi ndings 
implicate aberrant activation of the MAPK 
pathway due to gene duplication or muta-
tion of BRAF as a molecular mechanism of 
pathogenesis in low grade astrocytomas 
and suggest inhibition of the MAPK path-
way as a potential treatment  
  On the other hand,   – BRAF   V600E   missense muta-
tions are infrequent (9%) but are strongly 
associated with extracerebellar location  
  A variety of nonspeci fi c gain and loss of  –
genetic material from a number of chromo-
somes, including chromosomes 5, 6, 7, 8, 
11, 12, 15, 17, 19, 20, and 22 have been 
reported. Gains of 5 and 7 are most 
frequent  
  Molecular cytogenetic studies demon- –
strated heterozygous PTEN/10q and 
homozygous p16 deletions in 6/19 (32%) 
and 3/15 (20%) cases of anaplastic pilo-
cytic astrocytoma, respectively, but not in 
conventional tumors or histologically 
benign recurrences. Therefore, activation 
of the  PI3K/AKT  in addition to  MAPK/ERK  
signaling pathways may underlie biologi-
cal aggressiveness in pilocytic 
astrocytoma  
    – TP53  mutations and aberrant  PDGF  sig-
naling are usually absent but TP53 protein 
immunohistochemical expression is occa-
sionally present  

    – IDH  mutations are lacking as is  EGFR  
ampli fi cation  
  Pilocytic astrocytomas show extremely  –
high expression of APOD and galectin-3, 
unlike diffuse astrocytomas        

   Pleomorphic Xanthoastrocytoma 
    De fi nition• 

   Pleomorphic xanthoastrocytoma (PXA) is  –
a rare form of localized, typically 
nonin fi ltrative astrocytoma of somewhat 
favorable outcome that occurs in super fi cial 
cortical locations in children and young 
adults. Most PXAs are thought to conform 
to WHO grade II tumors; however, grade 
III PXAs are not uncommon     

  Clinical features• 
   Children and young adults ( fi rst to third  –
decades)  
  Almost invariably cerebral, predominantly  –
involving the super fi cial temporal lobe with 
frequent meningeal involvement  
  Most patients present with seizures   –
  Frequently shows radiographic cyst forma- –
tion with an enhancing mural nodule     

  Pathologic features• 
   Grossly, the xanthomatous change may  –
impart a yellowish discoloration  
  Relatively discreet tumor of moderate  –
cellularity  
  Morphologically variable showing areas of  –
spindled, reticulin-rich, and intensely 
GFAP-positive astrocytic cells admixed 
with areas comprised of large polygonal, 
lipid-rich astrocytes  
  Some of the tumor cells are characteristi- –
cally highly pleomorphic with large bizarre, 
multinucleated nuclei and nuclear pseudoin-
clusions (Fig.  16.3 ). Mitoses are typically 
infrequent but when increased (>5/10 high 
power  fi elds [hpf]) signify an anaplastic 
change (WHO grade III)   
  Eosinophilic granular bodies and perivas- –
cular lymphocytes are present     

  Genetic  fi ndings• 
   Recently, PXAs have been shown to harbor  –
the highest frequency of  BRAF   V600E   mis-
sense mutations within CNS tumors. 
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Approximately two-thirds of PXAs, con-
ventional and anaplastic, are involved  
  Loss of chromosome 9, usually correspond- –
ing to 9p21.3 locus that includes the 
 CDKN2A/p14   ARF   /CDKN2B  gene complex, 
is found in approximately 50% of PXAs  
    – TP53  mutations have been reported in a 
small subset of PXAs (<10%)  
  Unlike diffuse astrocytomas, alterations of  –
the  EGFR ,  CDK4 ,  and MDM2  genes,  PTEN  
mutations, or LOH 10q have not been 
found in PXA  
  Chromosome 1q abnormalities, gains of  –
chromosomes 3 and 7, LOH 17, and LOH 
22q have occasionally been reported        

   Subependymal Giant Cell Astrocytoma 
    De fi nition• 

   A benign (WHO grade I), well-circum- –
scribed, intraventricular neoplasm of chil-
dren and young adults that is almost always 
present in association with tuberous sclero-
sis (TS)     

  Clinical features• 
   Predilection for children and young  –
adults  
  Preferentially located in the region of the  –
foramen of Monroe  
  Most patients present with signs and symp- –
toms of obstructive hydrocephalus  
  Almost exclusively associated with TS   –

  Radiographically appear as well-circum- –
scribed, contrast-enhancing, intraventricu-
lar masses, often with calci fi cation     

  Pathologic features• 
   Well-circumscribed, sharply demarcated  –
from adjacent parenchyma  
  Comprised of fascicles of large spindled  –
and epithelioid cells with special perivas-
cular arrangements/pseudorosettes  
  Tumor cells are uniquely characterized by  –
large round vesicular nuclei with nucleoli 
resembling neurons and brightly eosino-
philic astrocytic cytoplasm (Fig.  16.4 )   
  GFAP immunoreactivity is usually present  –
but variable. Neuronal markers may be 
positive     

  Genetic  fi ndings• 
   Most common CNS tumor of the TS com- –
plex (6–16%)  
  Lack of   – RB  gene protein expression and 
focal p53 immunopositivity have been 
shown in approximately 60% of cases  
  Occasional reports showed LOH and allelic  –
mutation of  TSC2   
  In a study of eight subependymal giant cell  –
astrocytomas (SEGAs), six tumors demon-
strated expression of  TSC1  gene product 
(hamartin) or  TSC2  gene product (tuberin) 
but not both, suggesting that these tumors 
arose from either mutation of  TSC1  or  TSC2  
genes. Paradoxically, two additional cases 

  Fig. 16.3    Pleomorphic xanthoastrocytoma: large bizarre-
shaped astrocytes, one with nuclear pseudoinclusion 
( arrow ), are scattered in a background of low grade 
astrocytes          

  Fig. 16.4    Subependymal giant cell astrocytoma (SEGA): 
Sheets of loosely arranged, relatively uniform, round/epi-
thelioid, tumor cells exhibiting large round vesicular 
nuclei with nucleoli and granular eosinophilic cytoplasm       
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showed expression of both gene products 
re fl ecting inactivation by alternative means         

   Oligodendroglioma 

    De fi nition• 
   A common form of in fi ltrative glioma of  –
intermediate differentiation that shows predi-
lection for the cerebral hemispheres of young 
adults and are thought to arise from oligoden-
droglial cells. Oligodendrogliomas may be 
WHO grade II or grade III (anaplastic oligo-
dendroglioma). The existence of “grade IV” 
oligodendrogliomas is controversial and cur-
rently not recognized by the WHO     

  Clinical features• 
   Predominantly young adults   –
  Rare in children and the very old   –
  The subcortical white matter of the cere- –
bral hemispheres (mostly frontal) is prefer-
entially affected  
  Exceptionally rare in the cerebellum, brain- –
stem, or spinal cord  

  Patients may present with focal neurologi- –
cal de fi cits, including seizure disorder, or 
more generalized symptoms as a result of 
increased intracranial pressure  
  Radiographically appear as fairly demarcated  –
lesions in the cortex or subcortical white mat-
ter with no signi fi cant enhancement or peritu-
moral edema. Calci fi cation is frequent  
  Radiographic enhancement and prominent  –
peritumoral edema usually indicate ana-
plastic change     

  Pathologic features (Fig.  • 16.5a ) 
   Microscopically in fi ltrative, moderately  –
cellular tumor with frequent calci fi cation  
  Cortical invasion is essentially a constant  –
feature, often producing the so-called sec-
ondary structures of Scherer

   Perineuronal satellitosis   °
  Perivascular condensation   °
  Subpial accumulation      °

  A rich network of thin-walled, branching  –
capillaries (chicken-wire vasculature)  
  The uniform tumor cells are characterized  –
by round to oval nuclear morphology with 

  Fig. 16.5    Oligodendroglioma: ( a ) this WHO grade II 
oligodendroglioma shows a moderately cellular tumor 
comprised of uniform cells with the characteristic “fried-
egg” appearance and the round nuclei. Note the branching 
capillaries (chicken-wire) and focal calci fi cation ( arrow ). 
( b ) IDH1-R132H immunohistochemistry can be of excep-

tional value in identifying the in fi ltrative edge of oligo-
dendroglioma as in this example. ( c ) While IDH1-R132H 
staining pattern is cytoplasmic, a variable nuclear immu-
noreactivity is usually detectable. ( d ,  e ) Dual color FISH 
assays showing loss of 1p and 19q, respectively       

 



374 B.T. Harris and E.M. Hattab

smooth contour and indistinct chromatin 
pattern. Mitoses may be scattered. The 
cells may acquire perinuclear clearing sec-
ondary to a formalin- fi xation artifact (fried-
egg appearance)  
  Anaplastic features include hypercellular- –
ity, prominent mitotic activity ( ³ 6/10 hpf), 
prominent microvascular proliferation, and 
increased proliferative index (>5%)  
  Typically, oligodendrogliomas are not reac- –
tive for GFAP; however, they occasionally 
may contain two types of GFAP-positive 
tumor cells

   Those resembling small gemistocytes  °
(minigemistocytes)  
  Glio fi brillary oligodendrocytes, which  °
are otherwise histologically identical to 
oligodendroglioma cells     

  The vast majority of oligodendrogliomas  –
are immunoreactive for anti-IDH1–R132H 
(Fig.  16.5b, c )     

  Genetic  fi ndings (Fig.  • 16.5d, e )
   LOH 19q is the most common genetic  –
alteration (50–80% of all oligodendroglial 
tumors). The loss usually involves the 
entire arm due to an unbalanced t(1;19) 
(q10;p10) translocation. Partial deletions 
are rare  
  LOH 1p is the second most common  –
genetic alteration. The loss also involves 
the entire chromosomal arm due to an 
unbalanced t(1;19) (q10;p10) transloca-
tion. Partial deletions are rare  
  LOH 1p is almost always associated with  –
LOH 19q  
  Codeletion of chromosomal arms 1p and  –
19q as identi fi ed by LOH and FISH, is found 
in 50–90% of oligodendrogliomas and con-
stitutes a unique “genetic signature”  
  1p/19q codeletion is associated with  –
enhanced survival and favorable response 
to chemotherapy and/or radiation therapy. 
1p loss alone also shows a similar effect  
  The mechanism through which 1p/19q sta- –
tus in fl uences therapeutic sensitivity in oli-
godendrogliomas is unknown. It remains 
unclear whether the 1p or 19q chromo-
somal arm harbors relevant tumor suppres-

sor genes or any oligodendroglioma-speci fi c 
genes for that matter  
  1p/19q codeletion has been shown by some  –
to correlate with chemoresponsiveness, 
irrespective of tumor morphology  
  Commercial laboratory testing for 1p/19q  –
codeletion is readily available using FISH, 
LOH, and quantitative microsatellite analy-
sis, though dual color FISH has emerged as 
the method of choice in many laboratories  
  1p/19q codeletion has been reported in a  –
small percentage of astrocytic tumors (<1%)  
  In pediatric oligodendrogliomas, codele- –
tion 1p/19q is found at a much lower fre-
quency (27%) compared with their adult 
counterparts. Deletions of  p16  ( CDKN2A ) 
and 10q were reported in 45% and 18% of 
cases, respectively. Interestingly, these 
molecular alterations including 1p/19q sta-
tus have not been shown to correlate with 
biological behavior  
  Recently,   – IDH  mutations have been found 
to be highly expressed in oligoden-
drogliomas of WHO grade II and III. 
They strongly correlate with 1p/19q 
codeletion status, found in up to 100% of 
1p/19q  codeleted oligodendrogliomas. 
Oligodendrogliomas lacking  IDH  muta-
tions often show intact 1p/19q  
  Somatic mutations and insertions/deletions  –
in the  CIC  gene on chromosome 19q13.2 
have been found in 20/29 (69%) of oligo-
dendrogliomas showing combined 1p/19q 
deletions and  IDH1/IDH2  mutations. In 
contrast, only 1/60 (2%) oligodendro-
gliomas and oligoastrocytomas without 
1p/19q deletions showed  CIC  mutations. 
These  fi ndings suggest a functional inter-
action between  CIC  mutation,  IDH1/2  
mutation, and 1p/19q codeletion  
  Unlike astrocytic neoplasms, loss of 17p,  –
 TP53  mutation and p53 expression are 
uncommon (~10–20%). Their presence is 
mutually exclusive to 1p/19q deletion and 
shows no prognostic signi fi cance  
  EGFR immunohistochemical expression,  –
not ampli fi cation, is common (~50%) in 
grades II and III. However, both  EGFR  
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ampli fi cations and 10q deletions are said to 
be extremely uncommon in pure 
oligodendrogliomas  
    – PTEN  alterations have been implicated in 
oligodendroglioma progression to anapla-
sia and worsened survival primarily in 
those with intact 1p and 19q  
    – MGMT  promoter hypermethylation and 
reduced expression is particularly common 
among 1p/19q-deleted oligodendrogliomas. 
Aberrant promoter methylation of a num-
ber of tumor suppressor genes ( CDKN2A , 
 CDKN2B ,  RB1 ,  p14   ARF  ,  TP53 ,  ESR1  (estro-
gen receptor 1) and  DAPK1  (death-associ-
ated protein kinase 1) is also common  
    – PDGF  and its receptors are expressed in 
the vast majority of cases  
  Overexpression of VEGF and decreased  –
expression of p27 are seen in a subset of 
oligodendrogliomas, being inversely asso-
ciated with tumor grade. However, their 
prognostic signi fi cance remains unclear  
  Anaplastic oligodendrogliomas demon- –
strate a higher frequency of multiple chro-
mosomal deletions including gains on 7 
and 15q and losses on 4q, 6, 9p, 10q, 11, 
13q, 18, and 22q  
  Chromosomes 9p and 10 abnormalities,  –
including  CDKN2A  gene (encoding  p16   NK4A   
and  p14   ARF  ) deletions, are more frequent in 
anaplastic oligodendroglioma (~30% and 
10%, respectively) suggesting a role in oli-
godendroglial tumor progression parallel-
ing that observed in malignant astrocytic 
tumors. The presence of these deletions is 
predictive of shortened survival.  p16   NK4A   
deletions occur in oligodendrogliomas, 
irrespective of their 1p/19q status        

   Oligoastrocytoma 

    De fi nition• 
   An in fi ltrative glial neoplasm that is com- –
prised of two types of cells morphologi-
cally resembling those seen in 
oligodendroglioma and diffuse astrocy-
toma. The concept of oligoastrocytoma has 

been widely endorsed by most neuro-
pathologists over the past two decades. 
Grading of oligoastrocytoma is similar to 
that of oligodendrogliomas, except that the 
2007 WHO classi fi cation of CNS tumors 
now recognizes a grade IV variant (also 
designated glioblastoma with oligodendro-
glial features). The diagnosis of the latter 
requires identi fi cation of necrosis     

  Clinical features• 
   Indistinguishable from those of pure oligo- –
dendrogliomas and pure diffuse astrocy-
toma, though their preferential involvement 
of the cerebral hemispheres is more closely 
aligned with oligodendrogliomas  
  Extremely rare in the brainstem, cerebel- –
lum, and spinal cord     

  Pathologic features• 
   According to the WHO, oligoastrocytomas  –
are divided into biphasic (compact) and 
intermingled (diffuse) variants  
  The intermingled (diffuse) variant is the  –
most frequent and shows both components 
intimately admixed. This variant often con-
tains nuclei intermediate between those of 
oligodendroglioma and diffuse 
astrocytoma  
  The biphasic (compact) variant shows two  –
distinct components displaying oligoden-
droglial and astrocytic differentiation  
  Anaplastic features include frequent mitotic  –
activity, nuclear pleomorphism, microvas-
cular proliferation, and high proliferative 
index  
  Similar to oligodendroglioma, oligoastro- –
cytomas show high level of IDH1 immuno-
histochemical expression, particularly in 
the oligodendroglial component     

  Genetic  fi ndings• 
   Oligoastrocytomas are monoclonal neo- –
plasms arising from a single progenitor 
cell; i.e., showing the same genetic altera-
tions throughout the tumor regardless of 
morphologic component. Nevertheless, 
oligoastrocytomas are genetically hetero-
geneous and may assume genetic features 
similar to those of either oligodendro-
gliomas or diffuse astrocytomas  
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  10–50% of oligoastrocytomas show code- –
letion of 1p/19q  
  Loss of 19q alone is particularly common  –
in oligoastrocytomas, often associated with 
a favorable outcome  
  30% of oligoastrocytomas showed genetic  –
alterations common to astrocytic tumors 
( TP53  mutations/LOH 17p,  EGFR  gene 
ampli fi cation, chromosome 10 abnormali-
ties,  p16  deletions, and so on) and these 
patients had signi fi cantly shortened 
survival        

   Ependymoma 

    De fi nition• 
   A relatively well-circumscribed glial neo- –
plasm arising from the ependymal cells lin-
ing the ventricles and the spinal canal. 
Except for the myxopapillary variant 
(WHO grade I), ependymomas are either 
WHO grade II or grade III (anaplastic 
ependymoma)     

  Clinical features• 
   May occur at any age but shows two age  –
peaks; 0–16 years for infratentorial 
ependymomas and 30–40 years for spinal 
cord ependymomas  
  Third most common brain tumor in  –
children  
  May occur at any site, including occasion- –
ally outside the ventricular system; most 
common in posterior fossa (children) and 
spinal cord (adults)  
  Most common glioma of the spinal cord   –
  Presentation highly dependent on primary  –
location. Obstructive hydrocephalus is fre-
quent for intraventricular ependymomas  
  Radiographically appear as well-circum- –
scribed, variably contrast-enhancing 
lesions. Cystic change and syrinx are com-
mon in supratentorial and spinal locations, 
respectively. Spinal examples are intra-
axial, sausage-shaped lesions     

  Pathologic features (Fig.  • 16.6 ) 
   Sharp demarcation from adjacent  –
parenchyma  

  Moderately cellular tumors made up of  –
sheets of cells interrupted by perivascular 
pseudorosettes and occasionally true 
ependymal rosettes/canals  
  Ependymal cells show round to oval nuclei  –
with small nuclei and rare mitoses  
  GFAP is usually positive, but highly vari- –
able, in processes converging on blood ves-
sels. Epithelial membrane antigen (EMA) 
positivity is seen in a dot-like pattern and/
or small intracytoplasmic lumina  
  Characteristic ultrastructure: intracytoplas- –
mic lumina, cilia/microvilli, long intercel-
lular junctions, and intermediate  fi laments  
  In addition to conventional ependymoma  –
(WHO grade II), several histologic variants 
exist

   Myxopapillary ependymoma (WHO  °
grade I): Almost exclusively seated in 
the area of the  fi lum terminale in young 
adults, this variant is characterized by 
prominent, hyalinized papillae embed-
ded in a mucoid background  
  Cellular ependymoma (WHO grade II)   °
  Papillary ependymoma (WHO grade II)   °
  Tanycytic ependymoma (WHO grade II)   °
  Clear cell ependymoma (WHO grade III)      °

  Anaplastic features include hypercellular- –
ity, increased mitotic activity, and micro-
vascular proliferation     

  Fig. 16.6    Ependymoma: this WHO grade II ependymoma 
shows a moderately cellular tumor consisting of mono-
morphic population of cells with oval nuclei. Note the 
characteristic perivascular pseudorosettes toward the cen-
ter of the image       
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  Genetic  fi ndings• 
   Ependymomas appear to be genetically  –
distinct from other gliomas as they lack 
genetic alterations of astrocytomas and oli-
godendrogliomas, except for chromosome 
19 alteration  
  There is increasing evidence that spinal  –
and intracranial ependymomas represent 
two distinct tumor subsets, both clinically 
and genetically  
  About 40% of ependymomas show no  –
detectable genetic alterations  
  Spinal ependymomas are a manifestation  –
of NF2 syndrome with  NF2  gene mutations 
(22q12) almost exclusively found in spinal 
ependymomas  
  Overall, 30% of adult ependymomas show  –
chromosome 22 abnormalities (deletions, 
translocations, monosomy), showing an 
association with a spinal location, often 
showing concomitant  NF2  mutation. 
Intracranial examples with 22q deletions 
lack  NF2  mutation  
  Uncommon chromosomal aberrations  –
include gain of 1q, 5q, 7, and 9 and losses 
involving chromosomes 6q, 9, 10, 13, 16, 
and 17p in pediatric intracranial ependymo-
mas and gain of chromosome 7 in spinal 
ependymomas  
  Deletions involving   – 4.1B , ( DAL-1 ) and/or 
monosomy 18 have been detected in up to 
67% of clear cell ependymomas. The latter 
may also demonstrate gains of chromo-
some 1q, and loss of chromosomes 9, 3, 
and 22q but lack deletions of 1p, 19q, and 
 NF2 . Loss of  4.1B  correlates with pediat-
ric, intracranial and anaplastic 
ependymomas  
  Gain of 1q correlates with intracranial loca- –
tion and ERBB2 and ERBB4 coexpression, 
found mostly in pediatric ependymomas, 
correlates with higher Ki67 proliferation 
indices and worse outcome  
  Chromosome 1q gain, loss of 9 and 13, and  –
deletion of  4.1G  appear to correlate with 
progression to anaplasia  
    – IDH  and  BRAF   V600E   mutations are 
lacking        

   Subependymoma 

    De fi nition• 
   A benign (WHO grade I), well-circum- –
scribed intra- or subventricular glial neo-
plasm comprised of sparsely cellular clusters 
of ependymal-like cells embedded in a 
 fi brillary matrix with microcyst formation. 
Subependymomas are WHO grade I lesions     

  Clinical features• 
   May occur at any age; most common in  –
adults  
  The fourth ventricle, followed by the lat- –
eral ventricles, is the most frequent site. 
Uncommon in the spinal cord  
  Usually asymptomatic and incidentally  –
detected  
  Radiographically appear as sharply demar- –
cated, nonenhancing, nodular intraventric-
ular masses. May occasionally calcify and 
hemorrhage     

  Pathologic features• 
   Sharp demarcation from underlying  –
parenchyma  
  Tumor is made up of microscopic islands  –
and clusters of ependymal-like cells embed-
ded in a background rich in  fi brillary matrix  
  Prominent microcyst formation   –
  Bland, round to oval nuclei with no  –
signi fi cant nuclear pleomorphism and 
absent or rare mitoses  
  Examples of mixed ependymoma/sub- –
ependymoma exist     

  Genetic  fi ndings• 
   Consistent genetic alterations have not  –
been identi fi ed        

   Astroblastoma 

    Astroblastoma is a rare glial tumor of uncer-• 
tain origin  
  Usually manifests in children and young adults • 
as a well-circumscribed, contrast-enhancing 
solid or cystic hemispheric mass  
  Histologically, it combines ependymal fea-• 
tures (perivascular pseudorosettes) with astro-
cytic differentiation (GFAP-positive cells with 
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broad, nontapering processes). Vascular 
hyalinization is prominent  
  No WHO grade has been assigned to astro-• 
blastoma yet, but they may be quali fi ed as low 
or high grade  
  Consistent genetic alterations have not been • 
identi fi ed     

   Chordoid Glioma of the Third Ventricle 

    This is a rare, low grade (WHO grade II) • 
glioma of the third ventricle of adults that is 
histologically characterized by cords and clus-
ters of epithelioid, GFAP-positive cells embed-
ded in a mucin-rich background containing 
lymphoplasmacytic in fi ltrate  
  Chromosomal losses at 11q13 and 9p21 have • 
been reported.  EGFR  ampli fi cations and  TP53  
mutations are absent    

   Angiocentric Glioma 
    Angiocentric glioma (WHO Grade I) is a rare, • 
slow growing, newly described entity identi fi ed 
in children and young adults

   Patients usually present with seizures      –
  Histologically, angiocentric glioma is charac-• 
terized by uniform, spindle-shaped, cells with 
oval to elongated nuclei and speckled chroma-
tin, and pink, tapering cytoplasm

   Tumor cells are intimately associated with  –
vessels; often oriented parallel to the ves-
sels and may form streaming arrays in 
perivascular space with either single or 
multilayered cells  
  Mitoses are generally absent with a low  –
MIB1 proliferation index  
  Tumor cells are strongly GFAP positive  –
and show dot-like EMA staining pattern, 
like ependymoma     

  Consistent genetic alterations have not been • 
identi fi ed      

   Mixed Glioneuronal Neoplasms 

   Ganglion Cell Tumors 
    These include ganglioglioma and gangliocytoma  • 

  Ganglioglioma (WHO grade I or II) is the pro-• 
totypical mixed glioneuronal neoplasm in 
which a well-circumscribed neoplastic glial 
component (pilocytic or  fi brillary astrocytoma) 
contains dysmorphic ganglion cells either in 
clusters or individual cells (Fig.  16.7 )   
  Gangliocytoma (WHO grade I) occurs when • 
the tumor is made up predominantly of clus-
ters of large dysmorphic ganglion cells in a 
background of nonneoplastic glial elements  
  Recently, approximately 20% of ganglio-• 
gliomas have been shown to harbor  BRAF   V600E   
missense mutations, second only to PXAs in 
frequency

   Gains of chromosome 7 were the most  –
recorded        

   Dysembryoplastic Neuroepithelial Tumor 
    Dysembryoplastic neuroepithelial tumor • 
(DNET) is a benign (WHO grade I) intracorti-
cal glioneuronal neoplasm that preferentially 
affects children and young adults often with a 
protracted history of seizure disorder  
  Consistent genetic alterations have not been • 
identi fi ed     

   Desmoplastic Infantile Astrocytoma/
Ganglioglioma (DIG) 

    Desmoplastic infantile astrocytoma and des-• 
moplastic infantile ganglioglioma are benign 

  Fig. 16.7    Ganglioglioma: large dysmorphic neurons are 
scattered in a background of haphazardly-arranged low 
grade astrocytes. Note that the tumor is peppered with 
perivascular lymphocytes       
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(WHO grade I) glial neoplasms of infants <2 
years of age  
  They typically appear as radiographically • 
large, complex, solid, and cystic hemispheric 
masses with contrast enhancement and mid-
line shift

   Both are characterized by inconspicuous  –
glial elements embedded in a remarkably 
desmoplastic stroma resembling mesen-
chymal neoplasms     

  Neuronal elements are additionally seen in DIG  • 
  Consistent genetic alterations have not been • 
identi fi ed     

   Papillary Glioneuronal Tumor 
    This is a rare, benign (WHO grade I) newly • 
described entity

   Predominantly identi fi ed in young adults  –
with seizure disorder     

  Characterized by a well-circumscribed, solid • 
to cystic, contrast-enhancing mass in the cere-
bral hemispheres (temporal)

   Shows an obvious papillary/pseudopapil- –
lary architecture at low power and is made 
up of two distinct cell types surrounding a 
central  fi brovascular core  
  An innermost layer of small, cuboidal  –
GFAP-positive, cells with eosinophilic 
cytoplasm and round nuclei and an outer 
layer of larger clear, synaptophysin-posi-
tive, cells with neurocytic or ganglioid 
appearance  
  Mitoses are rare or absent and the Ki67  –
labeling index is very low     

  Consistent genetic alterations have not been • 
identi fi ed     

   Rosette-Forming Glioneuronal Tumor of 
the Fourth Ventricle 

    This is another rare, benign (WHO grade I) • 
newly described entity

   Found exclusively in the posterior fossa of  –
adults  
  Often occupying a large portion of the  –
fourth ventricle     

  Radiographically, the tumor is a circum-• 
scribed, solid mass with heterogeneous 
enhancement  

  Characterized by a biphasic histology with • 
clearly de fi ned and spatially separate neuro-
cytic and glial components

   The neurocytic component shows a homo- –
geneous population of small, clear cells in 
rosettes with large central spaces or papil-
lae around central vessels and delicate pro-
cesses forming a neuropil matrix adjacent 
to tumor cells and extending to central 
vessels  
  The glial component consists of solid pat- –
tern of highly  fi brillary cells resembling 
pilocytic astrocytoma but may have an oli-
godendroglioma-like appearance with 
microcysts  
  Both neurocytic and glial components are  –
histologically low grade with rare mitoses 
and low Ki67 labeling index     

  Consistent genetic alterations have not been • 
identi fi ed       

   Nonglial Tumors 

   Neuronal Tumors 

   Central Neurocytoma 
    A low grade (WHO grade II), well-circum-• 
scribed neuronal neoplasm of young adults, 
preferentially situated in the lateral ventri-
cles in the region of the foramen of 
Monroe  
  Histologically, neurocytoma is comprised of • 
nests of highly uniform round cells resembling 
those of oligodendroglioma

   Tumor cells, which are embedded in a deli- –
cate  fi brillar background, are characterized 
by a  fi nely speckled chromatin pattern and 
infrequent mitoses  
  A network of  fi ne capillaries and  –
calci fi cations are frequent  fi ndings  
  Tumor cells are intensely immunoreactive  –
for synaptophysin and NeuN but usually 
negative for GFAP and chromogranin     

  No consistent genetic alterations reported; • 
however, gains on chromosomes 2p, 7, 10q, 
18q, and 13q were recorded in about 20% of 
cases. 1p/19q deletions are lacking     
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   Paraganglioma 
    Paragangliomas of the CNS are histologically • 
identical to their systemic counterparts

   In the CNS, the cauda equina is by far the  –
most common location  
  Rare examples may manifest in the cere- –
bellopontine angle, the sellar region, and 
pineal area  
  Those of the carotid body may show intrac- –
ranial extension     

  Genetic  fi ndings• 
   Paragangliomas may occur in the setting of  –
von Hippel–Lindau (VHL) syndrome and 
multiple endocrine neoplasia (MEN) types 
2A and 2B  
  LOH 11q, LOH 3p, and LOH 1p have been  –
reported         

   Embryonal Neoplasms 

   Medulloblastoma 
    De fi nition• 

   Medulloblastoma is a highly malignant  –
(WHO grade IV), though exquisitely radio-
sensitive, primitive neuroectodermal cere-
bellar tumor with a tendency to spread along 
the cerebral spinal  fl uid (CSF) pathway     

  Clinical features• 
   Most commonly occurs in children, with  –
70% of cases occurring in individuals 
younger than 16 years and the peak age of 
presentation being 7 years  
  Also seen in young adults (ages 21–40)   –
  Slight male predominance   –
  By de fi nition are located in the posterior  –
fossa; majority arise in the vermis; hemi-
spheric involvement increases with age  
  Clinical presentation includes cerebellar  –
signs and symptoms and manifestations of 
CSF  fl ow obstruction  
  Radiographically, classic medulloblasto- –
mas appear as central, homogeneously 
contrast-enhancing, solid cerebellar 
lesions  
  Leptomeningeal involvement is common      –

  Histopathologic variants• 
   Classic medulloblastomas –

   Made up of sheets of back-to-back, rela- °
tively uniform small cells with intensely 
hyperchromatic nuclei and scant 
cytoplasm  
  Nuclei are round to oval or carrot-shaped  °
and show abundant apoptotic bodies and 
frequent mitoses  
  Most often undifferentiated or show neu- °
ronal differentiation, but may occasion-
ally demonstrate glial differentiation     

  Desmoplastic/nodular medulloblastoma  –
(Fig.  16.8 ) 

   Characterized by a highly distinctive  °
biphasic pattern of  fi brillar, reticulin-
free “pale” nodules embedded in a 
highly cellular, desmoplastic, and reti-
culin-rich background  
  Tumor cells within the nodules tend to  °
be larger, more round, and far less ana-
plastic looking compared with the 
tightly packed and highly mitotic cells 
of the internodal areas  
  Nodules are typically intensely synapto- °
physin-positive but show a much lower 
proliferative activity than do the desmo-
plastic areas     

  Medulloblastoma with extensive nodularity –
   Usually seen in infants and is character- °
ized by an expanded lobular architecture 
with large areas of neuropil-like tissue 

  Fig. 16.8    Medulloblastoma: this nodular medulloblas-
toma shows neutrophil-rich islands embedded in a highly 
cellular, desmoplastic background. The cells within the 
nodules are better differentiated than the hyperchromatic 
and mitotic, carrot-shaped nuclei of the internodal areas       
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harboring small round cells often in a 
streaming pattern, and markedly reduced 
internodular areas     

  Large cell/anaplastic medulloblastoma –
   A rare variant characterized by sheets  °
and lobules of large, round, markedly 
pleomorphic cells with prominent 
nucleoli, frequent, often atypical, mito-
ses, and apoptosis  
  Nuclear molding and cell–cell wrapping  °
are often seen     

  Medulloblastoma with myogenic differen- –
tiation

   Any of the above variants that show  °
skeletal muscle differentiation     

  Medulloblastoma with melanotic  –
differentiation

   Any of the above variants that demon- °
strate melanocytic differentiation        

  Molecular variants• 
   Gene expression pro fi ling using genome  –
wide microarray techniques have identi fi ed 
several molecular subgroups of medullo-
blastoma, based on characteristic gene 
expression pro fi les  
  Wingless (  – WNT ) signaling pathway activation

   20% of medulloblastomas   °
  Older children   °
  Classic histologic subtype   °
  Good prognosis   °
  Activating mutations in the   ° WNT  path-
way effector  CTNNB1   
  Associated with monosomy 6   °
  Immunohistochemistry: nuclear translo- °
cation of  b -catenin  
  Cells of origin: lower rhombic lip and  °
dorsal brainstem, therefore usually cen-
tral location within the fourth ventricle     

  Sonic hedgehog (  – SHH ) pathway activation
   10% of medulloblastomas   °
  Children less than 3 years or older teen- °
agers and adults  
  Desmoplastic/nodular or, less often,  °
large cell/anaplastic histologic subtypes  
  Intermediate prognosis   °
  Inactivating mutations in   ° PTCH1  seen 
in a subset of these patients  
  Associated with loss of chromosome 9   °

  Cells of origin: granule cell precursors  °
(external granular layer), therefore usu-
ally hemispheric locations     

  Non-WNT/SHH –
   70% of medulloblastomas do not fall  °
into the above two categories and are 
not associated with a particular cell sig-
naling pathway; various studies have 
separated this group into anywhere from 
two to four subgroups  
    ° MYC  ampli fi cation/overexpression  
  Isochromosome 17q   °
  Large cell/anaplastic and other histo- °
logic subtypes  
  High levels of photoreceptor differentia- °
tion transcripts  
  Intermediate to poor prognosis         °

  General comments• 
   Chromosome 17p deletion is the most fre- –
quent (30–60%) genetic alteration encoun-
tered in medulloblastoma. Isochromosome 
17q (resulting from duplication of the long 
arm) is the most common mechanism 
through which 17p loss occurs. Interest-
ingly, medulloblastoma shares a similar 
breakpoint to that observed in i(17q) of 
leukemia  
  Candidate tumor suppressor genes on 17p  –
include  TP53 ,  HIC1 , and  KCTD11. 
KCTD11  is involved in the  SHH  signaling 
pathway  
  Chromosome 17p loss by FISH has been  –
detected almost exclusively in the context 
of large cell/anaplastic morphology  
  Abnormalities of 17p, particularly those  –
arising in the absence of isochromosome 
17q, have been linked to a more clinically 
aggressive behavior in some studies  
  Although some studies have linked the  –
 TP53–ARF  tumor suppressor pathway to 
large cell/anaplastic medulloblastoma, 
the  TP53  gene, also located on chromo-
some 17p, does not appear to play a major 
role in the pathogenesis of sporadic 
medulloblastoma  
  Immunohistochemical overexpression of  –
p53 has been shown to correlate with poor 
survival  
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    – MYC  and  MYCN  gene ampli fi cations occur 
with higher frequency in large cell medullo-
blastoma and therefore are associated with 
poor prognosis  
  Nuclear   – b -catenin is identi fi ed in 15–20% 
of medulloblastomas and usually indicates 
activation of the  WNT  signaling pathway 
and a better patient prognosis  
  Chromosome 1q gain is associated with  –
poor prognosis whereas chromosome 6 and 
TRK-C expression indicate better 
prognosis  
  ERBB2 immunohistochemical overex- –
pression, not gene ampli fi cation, is detected 
in up to 80% of medulloblastomas. High 
level expression (>50%) has been consis-
tently associated with shortened patient 
survival  
  Chromosome 10q deletions, including  –
 PTEN  (10q23) and  DMBT1  (10q25) tumor 
suppressor genes, have been reported in up 
to 40% of medulloblastomas. 10q loss also 
appears to correlate with large cell/anaplas-
tic morphology  
  Chromosome 1q abnormalities, gain of  –
chromosome 7, and chromosome 11 loss 
may also be seen     

  Hereditary syndromes associated with • 
medulloblastoma

   Li–Fraumeni syndrome;   – TP53  (17p13.1)  
  Nevoid basal cell carcinoma syndrome  –
(Gorlin syndrome);  PTCH  (9q22.3)

   Associated with   ° SHH  activation 
pathway  
  Medulloblastoma is of the desmoplastic  °
(nodular) variant  
  Inactivating mutations of the   ° PTCH  
gene have also been identi fi ed in a small 
subset of sporadic desmoplastic 
medulloblastoma     

  Turcot syndrome;   – APC  (5q21–q22) and 
 b -catenin mutations

   Associated with   ° WNT  activation pathway     
  Rubenstein–Taybi syndrome;   – CBP  (16p13.3)  
  Cof fi n–Siris syndrome      –

  Prognosis• 
   High risk patients –

   Those who are 3 years old or younger   °

  Those with metastases at presentation   °
  Those with subtotal surgical resection      °

  Standard risk patients –
   Those greater than 3 years of age, up to  °
age 22 years     

  Overall survival rate of 70–80% for stan- –
dard-risk patients, but only 40–60% in 
high-risk patients  
  Survivors often suffer long-term therapy- –
related effects, including neurocognitive 
sequelae, endocrine de fi cits, and second 
malignancies  
  Understanding the molecular basis of medullo- –
blastoma is important in re fi ning patient 
strati fi cation in order to employ risk-adapted 
adjuvant therapies, and in the development of 
novel molecular targeted therapies  
  Small molecule inhibitors of   – SHH  pathway 
are already being used to treat this subset of 
patients        

   Central Nervous System/Supratentorial 
Primitive Neuroectodermal Tumor (PNET) 

    Highly undifferentiated, malignant (WHO • 
grade IV), embryonal tumors of the cerebrum 
that do not conform to any of the currently 
de fi ned histologic entities are given this desig-
nation. Several variants exist, including:

   Ependymoblastoma –
   Affects neonates and young children   °
  Histologically characterized by forma- °
tion of a distinctive form of 
pseudostrati fi ed rosettes known as 
“ependymoblastic rosettes”     

  Neuroblastoma and ganglioneuroblastoma –
   Supratentorial embryonal tumors that  °
show unequivocal neuroblastic differen-
tiation (neuroblastic/Homer Wright 
rosettes,  fi brillar background, and 
immunohistochemical evidence of neu-
ral differentiation) may be termed 
“neuroblastomas”  
  The additional presence of mature  °
 ganglionic cells de fi nes “ganglioneu-
roblastoma”     

  CNS medulloepithelioma –
   Manifests immature tubular, trabecular  °
or sometimes papillary arrangements of 
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primitive neuroepithelial cells resem-
bling the embryonic neural tube        

  Because of the heterogeneity of this group of • 
tumors, studies of genetic abnormalities are 
limited     

   Atypical Teratoid Rhabdoid 
Tumor (AT/RT) 

    De fi nition• 
   A highly malignant (WHO grade IV)  –
embryonal CNS tumor of infants and very 
young children showing rhabdoid features     

  Clinical features• 
   Vast majority of patients are under 2 years  –
of age  
  Over 95% of cases are intracranial, and the  –
majority is located in the posterior fossa  
  Spinal examples are rare   –
  Slight male predominance   –
  Clinical and radiographic features are simi- –
lar to those of medulloblastoma and other 
CNS embryonal tumors     

  Pathologic features• 
   Architecturally complex, made up of a mix- –
ture of large, somewhat rhabdoid cells with 
reniform nuclei, prominent nucleoli and 
abundant eosinophilic cytoplasm, and smaller 
cells resembling those of medulloblastoma  
  Tight fascicles of small spindle cells giving  –
the tumor a mesenchymal appearance may 
be present  
  Some tumor cells may be arti fi cially  –
vacuolated  
  Mitoses, necrosis, and calci fi cations are  –
common  
  Complex immunohistochemical pro fi le,  –
often expressing EMA, GFAP, actin, and 
cytokeratins     

  Genetic  fi ndings• 
   Similar to renal and other extrarenal rhab- –
doid tumors, over 90% of AT/RTs demon-
strate loss of all or part of chromosome 22, 
particularly involving 22q11.2  
  The   – INI1  ( hSNF5 / SMARCB1/BAF47 ), a 
putative suppressor gene, was mapped to 
the 22q11.2 region.  INI1  deletions and/or 
mutation have been detected in the major-
ity of AT/RT cases  

  Nearly all AT/RTs demonstrate absence of  –
the nuclear immunohistochemical expres-
sion of  INII/BAF47  protein  
  FISH for monosomy 22, 22q deletion or  –
the  INII  gene are commonly utilized as 
adjunct molecular studies in the diagnosis 
of AT/RTs and other pediatric embryonal 
tumors  
  Germline   – INII  mutations have been detected 
in a minority of cases, representing a rhab-
doid tumor predisposition syndrome         

   Meningeal Neoplasms 

   Meningioma 
    De fi nition• 

   A very common, relatively benign (usually  –
WHO grade I), slowly growing, well-cir-
cumscribed tumor of the meninges and 
dura, thought to arise from the arachnoidal 
cap cells     

  Clinical features• 
   Primarily adults, with a peak incidence in  –
the sixth and seventh decades  
  Exceedingly rare in children and the very  –
old, but higher incidence of atypical forms  
  Female predominance; more pronounced  –
for spinal meningiomas  
  May occur at any location within the CNS;  –
most common over the cerebral convexities  
  Clinical presentation highly dependent on  –
location; may be incidental  fi nding  
  Radiographically appear as well-circum- –
scribed, isointense, homogeneously con-
trast-enhancing, dural-based masses with a 
“dural tail” sign in the majority of the 
cases     

  Pathologic features (Fig.  • 16.9 ) 
   Grossly appear as discrete,  fi rm or rubbery  –
masses with broad dural attachment and a 
characteristically lobular cut surface  
  Typical meningiomas are made up of tight  –
whorls, lobules, or bundles of uniform, 
bland spindled cells with oval nuclei char-
acterized by a delicate chromatin pattern 
with occasional central clearing, and infre-
quent mitoses  
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  Calci fi cation in the form of psammoma  –
bodies is common  
  Meningiomas are almost always EMA- –
positive  
  Histological variants that do not in fl uence  –
the clinical outcome (WHO grade I)

   Meningothelial (syncytial)   °
  Transitional   °
  Fibrous   °
  Microcystic   °
  Secretory   °
  Psammomatous   °
  Angiomatous   °
  Lymphoplasmacyte-rich   °
  Metaplastic      °

  Histologic variants with less favorable  –
outcome

   Clear cell (WHO grade II)   °
  Chordoid (WHO grade II)   °
  Papillary (WHO grade III)   °
  Rhabdoid (WHO grade III)      °

  Atypical meningioma (WHO grade II) is  –
characterized by a mitotic index  ³ 4/10 hpf, 
brain invasion, or at least three of the fol-
lowing softer criteria: loss of whorl forma-
tion, hypercellularity, high proliferative 
index (>4%), small cell change, macronu-
cleoli, spontaneous necrosis, and loss of 
progesterone receptor expression  
  Malignant (anaplastic) meningioma (WHO  –
grade III) is characterized by a mitotic index 

 ³ 20/10 hpf or frank anaplasia (sarcoma, 
carcinoma, or melanoma-like histology)     

  Genetic  fi ndings• 
   Chromosome 22 loss; usually in the form  –
of monosomy 22 is the most frequent chro-
mosomal abnormality, encountered in 
about 40–70% of meningiomas  
  Allelic losses on chromosome 22 point to  –
 NF2  as the major tumor suppressor gene in 
meningiomas  
    – NF2  gene mutations are common (~70% of 
sporadic meningiomas), and involve  fi brous 
and transitional meningiomas most fre-
quently.  NF2  gene mutations are much less 
frequent (~25%) in meningothelial 
meningiomas  
    – NF2  gene mutations are as frequent in 
atypical/anaplastic meningiomas as they 
are in grade I meningiomas, suggesting a 
role for  NF2  inactivation in the formation, 
rather than the progression of meningioma  
  Meningiomas are one of the most common  –
neoplasms to arise in the setting of NF2 
and often multiple  
  Meningiomas with   – NF2  gene mutations 
show loss of expression of its protein prod-
uct merlin (schwannomin)  
  In addition to merlin, two other membrane- –
associated proteins of the protein 4.1 fam-
ily have been implicated in meningioma 
tumorigenesis: protein 4.1B (DAL-1) and 
protein 4.1R  
  Tumor suppressor in lung cancer 1 (  – TSLC1 ) 
has also been implicated in meningioma 
tumorigenesis  
  In general, meningiomas tend to acquire  –
more chromosomal abnormalities, typi-
cally deletions of chromosomal regions 
other than the frequent 22q loss, as they 
progress from benign to WHO grades II 
and III  
  Atypical and anaplastic meningiomas show  –
additional allelic losses involving chromo-
somes 1p, 6q, 9q, 10q, 14q, 17p, and 18q, 
with deletions of 1p, 10q, and 14q being 
most frequent. 1p deletions, the most com-
mon structural alteration, and the combined 
deletion of 1p/14q have been shown to 

  Fig. 16.9    Meningioma: a classic meningioma shows 
tight whorls and sheets of uniform spindled cells with 
bland vesicular nuclei. Calci fi cations in the form of psam-
moma bodies are abundant       
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 correlate with increased risk of recurrence 
and shorter progression-free survival  
  Atypical and anaplastic meningiomas show  –
chromosomal gains involving 1q, 9q, 12q, 
15q, 17q, and 20q  
  Losses of   – CDKN2A/p16  region on chromo-
some 9p21 are seen in the majority of ana-
plastic meningiomas and seem to indicate 
poor outcome compared with anaplastic 
meningiomas lacking 9p21 deletions. 
Therefore, FISH analysis of 9p21 may be 
of prognostic signi fi cance in anaplastic 
meningioma  
    – TP53  gene alterations are very infrequent 
but immunohistochemical expression of 
 p53  protein may be detected in a small per-
centage of higher grade meningiomas  
    – PTEN  mutations are occasionally 
encountered  
  Clonality studies suggest that multiple  –
meningiomas are usually monoclonal  
  FISH studies for 22q12 (  – NF2 ), 18q11.3 
( 4.1B ), 1p36 ( 4.1R ), and 14q status may be 
useful in supporting the diagnosis of ana-
plastic meningioma or ruling out other 
malignancies        

   Hemangiopericytoma 
    Similar to meningiomas, hemangiopericy-• 
tomas of the CNS are usually dural-based. 
They have a tendency to occur at a slightly 
younger age and show a slight male predomi-
nance. Histologically, hemangiopericytomas 
of the CNS are indistinguishable from those 
occurring in other locations  
  Hemangiopericytomas are aggressive neo-• 
plasms with potential for recurrence and dis-
tant metastases. They may be WHO grade II 
or III  
  No consistent genetic alterations reported     • 

   Solitary Fibrous Tumor 
    Clinically and radiographically, solitary • 
 fi brous tumors of the CNS are indistinguish-
able from meningiomas. Histologically, they 
are no different from those arising in somatic 
soft tissues  
  No consistent genetic alterations reported      • 

   Choroid Plexus Tumors 

    De fi nition• 
   These are intraventricular, papillary epithe- –
lial neoplasms derived from the choroid 
plexus epithelium. They may be benign 
(papilloma; WHO grade I) or malignant 
(carcinoma; WHO grade III)     

  Clinical features• 
   Most common in children, may be  –
congenital  
  Overall, papillomas are much more com- –
mon than carcinomas; however, carcino-
mas occur with higher frequency in 
children  
  Most common in the lateral and third ven- –
tricles in children and fourth ventricle in 
adults  
  Patients present with signs and symptoms  –
of increased intracranial pressure  
  Radiographically appear as solid, homo- –
geneous, contrast-enhancing, intraven-
tricular masses, often accompanied by 
hydrocephalus     

  Pathologic features• 
   Choroid plexus papillomas (CPP) are com- –
posed of delicate papillary fronds covered 
by a layer of well-differentiated columnar 
epithelium characterized by uniform oval 
to round basal nuclei and absent or rare 
mitoses  
  Choroid plexus carcinomas (CPC) on the  –
other hand may lack conspicuous papillary 
areas and be entirely solid. Their cells typi-
cally show high grade features with fre-
quent mitoses and necrosis  
  Choroid plexus tumors are generally posi- –
tive for S100, synaptophysin, and keratin     

  Genetic  fi ndings• 
     – VHL  allele loss may be observed in CPPs 
associated with VHL disease  
  CPP rarely occurs in association with  –
Aicardi syndrome (psychomotor retarda-
tion, infantile spasm, corpus callosum 
agenesis, chorioretinal abnormalities)  
  CPP may also occur in the setting of  –
Li–Fraumeni syndrome in which case  TP53  
germline mutations have been detected  
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  CPP demonstrates hyperploidy with gains on  –
chromosomes 5, 7, 8, 9, 12, 15, 17, 18, 20, and 
21 and losses on chromosomes 10 and 22q  
  CPC exhibits gains on chromosomes 1, 4,  –
8q, 9p, 12, 14q, 20q, and 21 and LOH 1p, 
1q, 3p, 5q, 9q, 10q, 13q, 18q, and 22q  
  CGH analysis suggests that pediatric and  –
adult CPPs are genetically distinct  
  Notch signaling pathway activation has  –
been linked to a subset of CPPs  
  Immunohistochemical expression for p53 is  –
observed in most CPCs and rare CPPs but 
usually lack corresponding  TP53  mutations  
  Despite reports of 22q loss and   – INI1  altera-
tions in CPCs, INI1 protein expression is 
retained, including in those with “rhabdoid 
morphology”  
  PDGF overexpression and ampli fi cation is  –
frequent and may provide a target for future 
therapy        

   Suprasellar and Sellar Tumors 

   Craniopharyngioma 
    Craniopharyngioma is a relatively benign • 
(WHO grade I) epithelial neoplasm of the 
sellar region that is thought to arise from 
Rathke pouch remnants

   Two histological subtypes are recognized –
   Adamantinomatous   °
  Papillary      °

  The former is more common in children  –
and is usually partially cystic while the lat-
ter occurs predominantly in adults in the 
region of the third ventricle  
  Compared with their papillary counterpart,  –
adamantinomatous craniopharyngiomas 
are additionally characterized by the pres-
ence of wet keratin, calci fi cations, and cho-
lesterol clefts (Fig.  16.10 )      

  No consistent genetic alterations reported      • 

   Pineal Parenchymal Tumors 

    Pineal parenchymal tumors encompass a rare • 
group of pineal region tumors that are thought 

to arise from pineocytes. These have a wide 
histological spectrum

   Pineocytomas are relatively benign (WHO  –
grade II) tumors of adults characterized 
by sheets or lobules of well-differentiated 
cells forming the distinctive “pineocy-
tomatous” rosettes. The tumor cells have 
round nuclei with open chromatin 
pattern  
  Pineal parenchymal tumors of intermediate  –
differentiation generally lack the “pineocy-
tomatous” rosette formation and show 
higher degree of cellularity and atypia than 
pineocytomas. However, they are less cel-
lular and less primitive looking than 
pineoblastoma  
  Pineoblastomas are highly malignant  –
(WHO grade IV) tumors of children char-
acterized by primitive embryonal morphol-
ogy with rosettes of either the neuroblastic 
(Homer Wright) or the retinoblastic 
(Flexner–Wintersteiner) type  
  Papillary tumor of the pineal region  –
(WHO grades II–III) has recently been 
described     

  Apart from the rare pineoblastoma associ-• 
ated with familial bilateral RBs in the so-
called “trilateral retinoblastoma syndrome” 
no consistent genetic alterations have been 
reported     

  Fig. 16.10    Craniopharyngioma: adamantinomatous 
craniopharyngioma is characterized by palisaded 
squamous epithelium, wet keratin, and calci fi cation       
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   Germ Cell Tumors 

    De fi nition• 
   Germ cell tumors of the CNS are rare, pref- –
erentially midline tumors of children and 
young adults that show similar characteris-
tics to those arising in the gonads     

  Clinical features• 
   Children and young adolescents are most  –
affected  
  Midline intracranial structures are most  –
commonly involved (vast majority occur in 
the pineal and suprasellar regions), though 
they have been reported throughout the 
CNS  
  Pineal region tumors show male  –
predominance  
  Pineal region tumors usually present with  –
signs and symptoms of increased intracra-
nial pressure while those of the suprasellar 
region may manifest due to visual symptoms 
or disturbances along the hypothalamic–
hypophyseal axis (e.g., diabetes insipidus)     

  Pathologic features• 
   Morphologically identical to their gonadal  –
and other extragonadal counterparts  
  Germinomas are by far the most common  –
subtype (Fig.  16.11a )      

  Genetic  fi ndings• 
   Similar to testicular germ cell tumors, most  –
CNS germinomas show overrepresentation 
of chromosome 12p, often manifesting as 
isochromosome 12p (Fig.  16.11b )  
  Patients with Klinefelter syndrome and Down  –
syndrome appear to be more susceptible to 
develop germ cell tumors, including those 
of the CNS, than the average individual        

   Hemangioblastoma 

    De fi nition• 
   A benign (WHO grade I), richly vascular  –
tumor of uncertain histogenesis     

  Clinical features• 
   Sporadic cases occur in adults while those  –
associated with VHL tend to involve 
younger patients  

  Sporadic cases are largely limited to the  –
cerebellum but those associated with VHL 
syndrome may be multiple and additionally 
manifest in the brainstem and spinal cord  
  Most show the characteristic radiographic  –
appearance of a cyst with a contrast-
enhancing mural nodule. “Flow voids” may 
be encountered     

  Pathologic features• 
   These are discrete neoplasms made up of a  –
variable mixture of small capillaries and 
large vacuolated or lipidized stromal cells  
  The stromal cells’ nuclei may show hyper- –
chromasia and nuclear pleomorphism but 
mitoses are infrequent  

  Fig. 16.11    Germinoma: ( a)  nests of polygonal tumor 
cells characterized by clear cytoplasm and large round 
nuclei with prominent nucleoli are decorated by thin 
 fi brous septa-rich in lymphocytes. ( b ) Isochromosome 
12p is a common  fi nding in CNS germinoma (two  green  
12p signals closely juxtaposed to one  red  centromeric 
probe signal,  see arrow )       
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  Often cystic but occasionally solid   –
  Mast cells may be a diagnostically helpful  –
 fi nding     

  Genetic  fi ndings• 
   Approximately 25% of hemangioblasto- –
mas occur in the setting of VHL syndrome  
  A minority of sporadic hemangioblastomas  –
show mutations or deletions of the  VHL  
gene  
  EGFR, VEGF, and VEGF receptors are  –
expressed at high levels in the stromal cells        

   Schwannoma 

    De fi nition• 
   A benign (WHO grade I) slowly growing  –
tumor that occurs throughout the peripheral 
nervous system but intracranially involves 
the vestibular division of the eighth cranial 
nerve. Only schwannomas of the CNS are 
discussed next     

  Clinical features• 
   Bilateral vestibular schwannomas are the  –
hallmark of  NF2   
  The vestibular division of the eighth cranial  –
nerve is the most common intracranial 
location. Rare intracerebral and intramed-
ullary examples have been reported  
  Patients may present with tinnitus, hearing  –
dif fi culties, or facial paresthesias  
  Radiographically appear as well-circum- –
scribed, often cystic, homogenously con-
trast-enhancing masses     

  Pathologic features• 
   Encapsulated tumors of moderate to low  –
cellularity  
  Biphasic architecture –

   Antoni A areas: compact, elongated  °
cells arranged in alternating fascicles, 
sometimes forming distinctive nuclear 
palisades (Verocay bodies)  
  Antoni B areas: loosely textured less  °
cellular areas with more stellate looking 
cells     

  Thick hyalinized blood vessels with hemo- –
siderin-laden macrophages  
  Aggregates of lipid-laden cells   –

  Degenerative atypia in the form of nuclear  –
pleomorphism is common but mitoses are 
infrequent  
  Prominent pericellular reticulin   –
  Intensely and diffusely immunoreactive for  –
S100  
  Histologic variants include cellular, plexi- –
form, and melanotic schwannomas     

  Genetic  fi ndings• 
   The vast majority of schwannomas are  –
sporadic  
  Schwannomas may arise in the setting of  –
 NF2  or schwannomatosis (multiple periph-
eral schwannomas)  
  About 50% of psammomatous melanotic  –
schwannomas are found in patients with 
Carney complex (autosomal dominant dis-
order with lentiginous facial pigmentation, 
cardiac myxoma, endocrine overactivity, 
and calcifying Sertoli cell tumors)  
  Inactivating mutations of the   – NF2  gene are 
identi fi ed in about 60% of schwannomas  
  Some schwannomas may show loss of  –
chromosome 22q in the absence of detect-
able  NF2  gene mutations  
  Loss of the immunohistochemical expres- –
sion of the  NF2  gene product (merlin/
schwannomin) is identi fi ed in the vast 
majority of schwannomas regardless of 
 NF2  gene mutations         

   Molecular Pathology of 
Neurodegenerative Diseases 

   Overview 

    The ravages of advanced age affect both mind • 
and body, and perhaps nowhere do we recog-
nize this more so than with the degenerative 
diseases of the nervous system  
  Combined now with the gross and microscopic • 
changes that have been known for >50 years 
for many of the neurodegenerative ailments 
are a vast and rapidly expanding array of 
genetic and molecular data that have trans-
formed how we look at and classify these 
diseases  
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  Many of these disorders have both sporadic • 
and familial forms, providing clues to the 
pathogenetic basis of these diseases  
  Some of these diseases have unique popula-• 
tions of cells affected and unique cytopathic 
changes, though overlapping neuropathologi-
cal features are also common  
  Neuropathological examination at autopsy is • 
still the gold standard for diagnosing most 
neurodegenerative diseases  
  Investigation of new biomarkers of neurode-• 
generative disease hopes to recognize these 
diseases early to allow for earlier treatments  
  Described in this section are some of the more • 
prevalent and better studied, although unfortu-
nately, still not fully understood or treatable 
disorders with an emphasis on the essential 
molecular pathological changes involved      

   General Molecular/Cellular 
Mechanisms of Neurodegeneration 

    Protein aggregation and transport dysfunction• 
   Misfolding and aggregation of proteins is a  –
hallmark of many neurodegenerative dis-
eases, though it is still not known in many 
cases whether these phenomena are central 
to the pathogenesis, secondary injury, or 
perhaps even protective to the cell  
  Aggregates that form are multimeric but  –
often have a predominant protein and tend 
to affect certain neuronal or glial cells in 
different diseases (Table  16.2 )   
  Aggregates can form intracellularly in  –
cytosol, nucleus, or neuritic processes with 
diverse cellular pathological consequences 
often including cell death  
  Soluble oligomers and multimers released  –
in the extracellular interstitial spaces may 
be also be toxic theoretically causing 
regional pathology  
  Molecular motors within neuritic processes  –
consist of a network of cytoskeletal ele-
ments known as kinesins and dyneins  
  When aggregates are found in neuritic pro- –
cesses the major pathological defect is to 
these molecular motors and retrograde and 

anterograde transport, essential processes 
that allow the movement of organelles and 
molecules crucial to cell function along the 
processes  
  The histological  fi nding when neuritic  –
transport is disrupted is spheroid formation 
(also termed axonal swellings or axonal 
bulbs)     

  Mitochondria dysfunction• 
   Mitochondria are the energy producing (in  –
the form of oxidative phosphorylation and 
ATP production) organelles of all cells in 
the nervous system  
  Mitochondrial proteins are encoded by  –
both nuclear DNA and mitochondrial DNA. 
Mutations in genes from both sources 
become more numerous with age and have 
been suggested to play a role in organelle 
dysfunction and neurodegenerative 
diseases  
  Damaged mitochondria leads to increased  –
accumulation of oxidative molecules 
including reactive oxygen species, which 
can injure other organelles and induce 
apoptosis and/or necrosis  
  High levels of oxidants can also be very  –
deleterious to mitochondria inducing a 
state called mitochondrial permeability 
transition, with an uncoupling of oxidative 
phosphorylation often leading to cell death     

  Neuroin fl ammation• 
   An emerging  fi eld of inquiry thought to  –
play a part in many neurodegenerative dis-
eases; though unknown whether it serves 
both a primary and secondary role  
  Astrocytes and microglia serve as the local  –
resident cells in the CNS-mediating 
in fl ammation  
  Circulating immune cells (B cells, T cells,  –
and monocytes/macrophages) and autoan-
tibodies may also play a yet to be de fi ned 
role in neurodegenerative processes; their 
importance in multiple sclerosis, infectious 
disease, and trauma are better established  
  The major cytokines and chemokines  –
involved include: tumor necrosis factor- a , 
granulocyte macrophage colony stimulat-
ing factor (GM-CSF), interleukin (IL)-1 a , 
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IL-1 b , IL-2, IL-4, IL-6, interferon- g , IL-10, 
IL-12, IL-18, tumor growth factor- b , mac-
rophage in fl ammatory protein (MIP-1), 
macrophage chemotactic protein (MCP-1)  
  In fl ammatory mediators may alter the  –
blood–brain barrier, synapse function, 
apoptosis, edema, protein aggregation, 
mitochondrial function, and cell-to-cell 
communication (glial and/or neuronal)     

  Survival vs. apoptosis factors• 
   Neurons are continuously signaled through- –
out life by autocrine, paracrine, and endo-
crine factors to varying degrees, which 
promote survival and prevent programmed 
cell death apoptosis  
  Polypeptide factors known as neurotro- –
phins in fl uence survival, differentiation, 
proliferation, and apoptosis of both neu-
ronal and glial cells  
  Examples include: nerve growth factor,  –
brain-derived neurotrophic factor, glial-
derived neurotrophic factor, ciliary neu-
rotrophic factor, insulin-like growth factor  

  Secreted neurotrophins can be taken up at  –
nerve terminals and retrogradely trans-
ported to the cell body to exert their effect 
or act as secreted ligands with action on 
speci fi c cell surface receptors, which acti-
vate second messenger cascades  
  Pathological conditions such as hypoxia/ –
ischemia, electrolyte abnormalities, trauma, 
neuroin fl ammation, toxic exposures, and 
genetic abnormalities can all induce apop-
tosis through a variety of pathways in the 
central and peripheral nervous systems 
(CNS/PNS)       

   Alzheimer Disease (AD) 

    Clinical/epidemiology• 
   AD is the most common of the neurode- –
generative diseases with an increasing inci-
dence every decade of life  
  Slight female over male prevalence   –

   Table 16.2    Neurodegenerative diseases and their associated protein aggregate pathology   

 Neurologic disease 
 Primary cell type 
affected 

 Primary anatomical 
region affected  Protein aggregation 

 Alzheimer disease  Neurons  Neocortex, hippocampus, 
entorhinal cortex 

 Neuro fi brillary (tau) tangles and 
amyloid plaques 

 Parkinson disease  Neurons  Substantia nigra, nucleus 
basalis, locus ceruleus 

 Lewy bodies (SNCA) 

 Lewy body disease  Neurons  Substantia nigra, neocortex  Cortical Lewy bodies (SNCA) 
 Amyotrophic lateral 
sclerosis 

 Upper and lower 
motor neurons 

 Motor cortex, lower motor 
neurons anterior horn of spinal 
cord 

 Bunina bodies, skein-like 
aggregates, hyaline bodies 
(TDP-43, ubiquitin) 

 Corticobasal 
degeneration 

 Neurons and glia  Basal ganglia and cerebral 
cortex 

 Cytoplasmic inclusions (tau) 

 Multisystem atrophy  Glia and neurons 
(less) 

 Brainstem, midbrain, 
cerebellum, striatum 

 Cytoplasmic inclusions (SNCA) 

 Prion diseases  Neurons  Variable and diffuse 
depending on subtype 

 Amyloid and prion plaques 

 Frontotemporal 
dementias 

 Neurons  Hippocampus, frontal 
and temporal cortices 

 Tau tangles/aggregates (Pick 
bodies in Pick disease) 

 Huntington disease  Neurons  Caudate, putamen, 
and cerebral cortex 

 Polyglutamine tract inclusions in 
neurites and nuclei 

 Progressive 
supranuclear palsy 

 Neurons and glia  Globus pallidus, midbrain, 
pons, subthalamic nucleus 

 Globose neuro fi brillary tangles 
(neurons) (tau) 
 Coiled bodies (oligodendrocytes) 
(tau) 
 Tufted and thorn (astrocytes) (tau) 
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  Worldwide disease affecting all races   –
  The prevalence roughly doubles every 5  –
years, starting from a level of 1% for the 
60–64-year-old population and reaching 40% 
or more for some 85–89-year-old cohorts  
  Disturbances in recent memory formation,  –
dif fi culties carrying out activities of daily 
living, language impairment, de fi cits in 
spatial ability and orientation, and altera-
tions in mood and behavior are the clinical 
hallmarks of AD  
  AD progresses with much variability in  –
individuals with an average of 1–3 years of 
early symptoms before diagnosis, 1–3 
years from diagnosis until need for more 
intensive care from family or nursing home, 
and then 1–3 years before death     

  Gross and histological neuropathology• 
   Brains show variable cerebral atrophy with  –
hippocampi and adjacent temporal cortices 
showing consistent diminution in size  
  Frontal and parietal lobes also often show dif- –
fuse atrophy with narrowed gyri and widened 
sulci, and occipital lobes are less affected  
  Coronal slices invariably display thinned  –
cortical gray matter strips and enlarged 
ventricular system underscoring the wide-
spread neuronal loss  
  The microscopic hallmarks of this disease  –
are amyloid plaques, neuro fi brillary tan-
gles, neuronal loss, and reactive glial 
changes (Fig.  16.12 )   
  AD plaques can be visualized with Congo  –
red stain and are composed of A b  protein 
deposits forming amyloid surrounded by 
degenerating neuritic processes  

  The majority of AD brains also show amy- –
loid angiopathy  
  Neuro fi brillary tangles are intracellular  –
inclusions of a variety of shapes composed 
of several proteins with the microtubule-
associated protein tau being the predomi-
nant; they are best seen with silver stains 
such as Bodian or Bielschowski or immu-
nohistochemistry against tau     

  Genes associated with sporadic and familial • 
AD (Table  16.3 ) 

   Approximately 75% of AD cases are  –
thought to be sporadic, 25% hereditary 
with the latter group showing either early 
or late onsets  
  Mutations in presenilin ([PSEN],   – PSEN1 , 
 PSEN2 ), or amyloid precursor protein ( APP ) 
genes account for the majority of early onset 

  Fig. 16.12    Histological hallmarks of Alzheimer disease. 
Immunohistochemistry against tau protein highlights 
neuro fi brillary tangles ( arrows ) and dystrophic neurites 
within Alzheimer type plaques    ( asterisks )       

   Table 16.3    Genes associated with Alzheimer disease   

 Gene  Chromosome  Protein  Disease onset; transmission 

  APP   Chrom 21q21  Amyloid  b -(A4) precursor 
protein 

 Early onset; autosomal 
dominant 

  PSEN1   Chrom 14q24.3  Presenilin 1  Early onset; autosomal 
dominant 

  PSEN2   Chrom 1q31–q42  Presenilin 2  Early onset; autosomal 
dominant 

  APOE  (risk factor 
gene) 

 Chrom 19q13.2  Apolipoprotein E  Late onset; sporadic increased 
risk of AD ( e 4 allele) 
decreased risk AD ( e 2 allele) 
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familial AD, but there exists a wide spectrum 
of mutations in these genes as well as vari-
able clinical and pathologic presentations  
  Individuals with trisomy 21 who survive  –
beyond 45 years of age nearly all develop 
AD changes  
  A genetic susceptibility gene for the apoli- –
poprotein E (APOE) protein has been 
identi fi ed in sporadic AD  
  APOE has three alleles: APOE   – e 2, APOE 
 e 3, and APOE  e 4. Individuals that produce 
the  e 4 form are at a greater risk for devel-
oping AD, while those that have the  e 2 
have decreased risk  
  Polymorphisms in the   – APOE  isoforms may 
also confer variable susceptibility  
  Genetic testing for the APOE alleles is not  –
generally done outside of the research set-

ting, as the bene fi cial/detrimental effects 
are not absolute  
  Investigators are actively looking for other  –
risk factor-associated genes using linkage 
analysis     

  Possible molecular mechanisms of pathogen-• 
esis of AD

   Controversy over the relative importance  –
of the plaques vs. tangles in the pathogen-
esis of AD has existed for many years in 
the neuroscience research community of 
“tauists and  b APPtists”  
  Plaques are extracellular deposits of  fi brils  –
and amorphous aggregates of amyloid  b  
peptide (Fig.  16.13 )   
  Neuro fi brillary tangles are intracellular  –
 fi brillar aggregates of tau that exhibit 
hyperphosphorylation and oxidative 
changes  

  Fig. 16.13       APP processing and A b  accumulation. 
Mature APP ( center , inside dashed box) is metabolized by 
two competing pathways, the  a -secretase pathway that 
generates sAPP a  and C83 and the  b -secretase pathway 
that generates sAPP b  and C99. Some  b -secretase cleav-
age is displaced by ten amino acid residues and generates 
sAPP b  ¢  and C89. All carboxyterminal fragments (C83, 

C99) are substrates for  g -secretase, generating the APP 
intracellular domain, and respectively, A b , among others. 
A b  aggregates into small multimers (dimers, trimers, and 
so on) known as oligomers. Oligomers appear to be the 
most potent neurotoxins, while the end stage senile plaque 
is relatively inert (adapted from Gandy  2005 )       
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  Mutations in   – APP ,  PSEN1 , or  PSEN2  lead 
to accumulations of atypical A b  peptide, 
which makes up the major protein compo-
nent of amyloid plaques  
  Tau mutations have been identi fi ed in fronto- –
temporal dementias ( see  below in the section 
on “Tauopathies”), a group of disorders that 
are thought to exist in a spectrum with AD  
  The “taucentric” and “amyloidocentric”  –
viewpoints of AD neurodegeneration may 
converge at the level of PSEN

     ° PSEN  mutations lead to both tau tangles 
and amyloid plaques  
  PSEN is a core component of the  °
 g -secretase responsible for the accurate 
cleavage of the A b  peptide     

  A  – b  aggregates in the form of oligomers and 
 fi brils in the interstitial space may be toxic 
to neurons  
  A  – b  aggregates may also form in vessels 
called amyloid angiopathy  
  Prior head trauma predisposes to AD, with the  –
proposed mechanism being a “ sensitization” 
of glia and the neuroimmune response, though 
the exact molecular triggers are not known     

  Diagnosis• 
   An increased number of plaques and tan- –
gles combined with the appropriate clinical 
course are used to make the postmortem 
diagnosis of AD  
  Most pathologists will follow diagnostic  –
guidelines of the NIA–Reagan and 
Consortium to Establish a Registry (NIA–
CERAD) for AD criteria  
  New slightly modi fi ed criteria from the  –
NIA–Reagan/CERAD criteria are have 
been proposed in 2012 and recommend an 
“ABC” staging protocol for the neuropatho-
logic changes of AD, based on three mor-
phologic characteristics of the disease: A is 
for amyloid, B is for Braak neuro fi brillary 
tangle staging protocol, and C is for the 
Consortium to Establish a Registry for AD 
neuritic plaque scoring system  
  Premortem diagnosis of sporadic AD relies  –
on clinical history combined with clinical, 
cognitive, and laboratory examinations to 

help rule in AD and rule out other forms of 
dementias  
  New clinical diagnostic criteria recognize  –
early stages of disease with a preclinical 
onset stage recognized by positive bio-
markers (“signature” biomarkers still be 
researched) and a mild cognitive impair-
ment (MCI) stage that precede AD  
  Genetic analysis in familial AD with appro- –
priate genetic counseling is available for 
 PSEN1 , but because of the small number of 
families with mutations in  PSEN2  and 
 APP , testing for these genes is currently 
only done in research labs  
  Imaging modalities to look for hydroceph- –
alus and generalized cortical and hip-
pocampal atrophy may complement the 
clinical diagnosis  
  “Functional” imaging studies such as posi- –
tron emission tomography (PET), func-
tional magnetic resonance imaging, and 
radioligands used for identifying AD 
pathology are under investigation        

   Parkinson Disease (PD) 

    Clinical/epidemiology• 
   PD affects approximately 1% of population  –
over 65  
  Disease onset for sporadic PD varies from 20  –
to 80 years of age but is most common from 55 
to 65; familial forms may occur much early  
  Found throughout the world but with vari- –
able prevalence in different races and 
countries  
  Slightly higher prevalence in males over  –
females  
  Hallmark clinical  fi ndings are bradykine- –
sia, resting tremor, rigidity, and postural 
instability  
  Some patients also have overlapping symp- –
toms (and pathology) with AD  
  Autonomic, cognitive, and psychiatric dis- –
turbances affect some patients     

  Gross and histologic neuropathology• 
   Pallor of substantia nigra and locus ceruleus  –
grossly  
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  Lewy bodies (LB): round and eosinophilic  –
cytoplasmic inclusions surrounded by a 
pale halo, found within the neurons of the 
substantia nigra (Fig.  16.14 ), locus ceruleus, 
nucleus basalis of Meynert, medulla, and 
thalamus (less frequently in numerous 
other nuclei)   
  Lewy neurites (LN): dystrophic neurites  –
found in similar distribution but also in 
amygdale and hippocampus  
  LB and LN immunostain positively with  –
antibodies against  a -synuclein (SNCA) 
and ubiquitin  
  Loss of dopaminergic nigrostriatal neurons  –
and noradrenergic neurons in the substantia 
nigra and locus ceruleus, respectively, leads 
to the clinical manifestations of PD     

  Genes associated with PD• 
   Monogenic linkages to PD have only been  –
discovered in the last 10 years, though rec-
ognition of familial genetic component has 
been known for much longer  
  A diverse set of ten or more genes is now  –
known to lead to dopaminergic neuron 
degeneration and PD or related disorders 
(Table  16.4 )   
    – SNCA  was the  fi rst gene identi fi ed with 
mutations associated with familial PD; 
polymorphisms in the promoter region may 
be associated with increased risk of spo-
radic PD  
  Ten percent of all early onset familial PD  –
cases are due to a wide variety of mutations 
in the  PARK2  gene, which encodes for a 
protein important in the ubiquitination 
pathway     

  Possible molecular mechanisms of pathogen-• 
esis of PD

   Mitochondrial dysfunction and oxidative  –
stress are thought to be important contribu-
tors to neuronal death in PD  
  Complex I de fi cits are found in mito- –
chondria from sporadic and familial PD 
patients  
  Pesticides and toxins such as 1-methyl-4- –
phenyl-1,2,3,6-tetrohydropyridine (MPTP) 
can affect complex I function and have 
been implicated in PD  

  MPTP is a contaminant in synthetic opiate  –
production that was accidentally injected 
by a group of individuals who then devel-
oped PD-like syndrome

   SNCA °
   The physiologic role of SNCA is  �
unknown, but it is associated with 
lipid rafts, which may be important 
in synaptic vesicles and synapse for-
mation and function  
  SNCA  fi brils are important compo- �
nents of LB and LN, and mutations 
in the gene promote increased  fi brillar 
aggregations  
  Overexpression of normal SNCA in  �
sporadic AD may occur and increase 
LB/LN formation  
  Oxidative damage may play a role in  �
the aggregation of SNCA in sporadic 
PD, and mutant SNCA can interact 
with mitochondria to increase sensi-
tivity to mitochondrial toxins  
  SNCA may interact with tau or amy- �
loidogenic proteins to increase 
aggregation  
  The important role for SNCA in both  �
forms of familial PD as well as all 
sporadic PD place PD as the most 
prominent diseases known as 
“synucleinopathies”  
  Dementia with LB also called dif- �
fuse Lewy body disease is also a 

  Fig. 16.14    Neuromelanin-containing neurons of the sub-
stantia nigra with center neuron displaying a Lewy body       
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synucleinopathy associated with 
cognitive decline, hallucinations, 
and parkinsonism and neuropathol-
ogy showing SNCA aggregates in 
classical LB and diffuse cortical LB  
  Multiple system atrophy is a spo- �
radic, adult onset neurodegenerative 
disease with unknown cause, clini-
cally characterized by variable 
parkinsonism cerebellar and pyra-
midal signs, and autonomic fail-
ure; histologically characterized by 
SNCA-positive glial cytoplasmic 
inclusions     

  Parkin (PARK2) °
   PARK2 functions as an E3 ubiquitin  �
protein ligase import for ubiquitina-
tion of proteins targeted for prote-
osomal degradation (Fig.  16.15 )   

  PARK2 may also function as a neuro- �
protectant molecule by interacting with 
mitochondria and preventing apoptosis  
  Mutations cause a loss of function of  �
this ubiquitin–proteosomal system 
and accumulation of neurotoxic pro-
teins and/or loss of the neuropro-
tectant function  
  PARK2- and PTEN-induced kinase-1  �
(PINK1) have been shown to act in a 
common genetic pathway     

  Ubiquitin carboxyl-terminal hydrolase  °
L1 (UCH-L1)

   UCH-L1 is a highly abundant,  �
neuron-speci fi c protein that belongs 
to a family of deubiquitinating 
enzymes that are responsible for 
hydrolyzing polymeric ubiquitin 
chains to free ubiquitin monomers  

   Table 16.4    Genes associated with Parkinson disease   

 PARK locus  Gene  Map position  Clinical phenotype  Pathology 

  PARK1/4    SNCA   4q21  Parkinsonism with common 
dementia 

 Lewy bodies 

  PARK2    PARK2   6q25–q27  Early-onset, slowly 
progressing parkinsonism 

 Lewy bodies 

  PARK3   Unknown  2p13  Late-onset parkinsonism  Lewy bodies 
  PARK5    UCHL1   4p14  Late-onset parkinsonism  Unknown 
  PARK6    PINK1   1p35–p36  Early-onset, slowly 

progressing parkinsonism 
 One case exhibiting 
Lewy bodies 

  PARK7    DJ1   1p36  Early-onset parkinsonism  Unknown 
  PARK8    LRRK2   12q12  Late-onset parkinsonism  Lewy bodies (usually) 
  PARK9    ATP13A2   1p36  Early-onset parkinsonism 

with Kufor–Rakeb syndrome 
 Unknown 

  PARK10   Unknown  1p32  Unclear  Unknown 
  PARK11    GIGYF2   2q36–q37  Late-onset parkinsonism  Unknown 
  PARK12   Unknown  Xq  Unclear  Unknown 
  PARK13    OMI/HTRA2   2p13  Unclear  Unknown 
  PARK14    PLA2G6   22q13.1  Parkinsonism with additional 

features 
 Lewy bodies 

  PARK15    FBX07   22q12–q13  Early-onset parkinsonism  Unknown 
  PARK16   Unknown  1q32  Late-onset parkinsonism  Unknown 
  FTDP-17    MAPT   17q21.1  Dementia, sometimes 

parkinsonism 
 Neuro fi brillary tangles 

  SCA2    ATXN2   12q24.1  Usually ataxia, sometimes 
parkinsonism 

 Unknown 

  SCA3    ATXN3   14q21  Usually ataxia, sometimes 
parkinsonism 

 Unknown 

 Gaucher locus   GBA   1q21  Late-onset parkinsonism  Lewy bodies 

  Adapted from Martin et al.  (  2011  )   
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  It may also function as an ubiquitin  �
protein ligase  
  UCH-L1 can be found in LB in spo- �
radic PD  
  How mutated UCH-L1 contributes  �
directly to PD is not known     

  PINK1 °
   PINK1 physiologic function is not  �
currently known  
  PINK1 has a mitochondrial targeting  �
sequence and a conserved domain 
similar to calcium-calmodulin kinase 
family  
  Mutations are thought to cause a loss  �
of function in the putative kinase 
activity leading to mitochondrial 
dysfunction and PD     

  DJ1 °
   Ubiquitously expressed protein in  �
neurons and glia belonging to the 
DJ1/ThiJ/PfpI superfamily  
  DJ1 does not colocalize in LB but  �
is found associated within a num-

ber of neurodegenerative tauopa-
thies and with SNCA-positive glial 
inclusions in multiple system 
atrophy  
  Insoluble forms are increased in  �
brains of sporadic PD patients  
  Physiologic function of DJ1 is  �
unclear but it may function as an 
antioxidant protein or as a sensor of 
oxidative stress  
  DJ1 may be a component of the  �
ubiquitin–proteosomal system and 
may confer protection by function-
ing as a molecular chaperone or 
protease to refold or promote degra-
dation of misfolded proteins           

  Diagnosis• 
   Clinical diagnosis relies on history, obser- –
vation of clinical manifestations, and initial 
responsiveness to dopaminergic agonist 
therapy  
  Neuropathological examination at autopsy  –
is required to con fi rm diagnosis        

  Fig. 16.15    Common pathways underlying PD pathogen-
esis. Mutations in  fi ve genes encoding  SNCA ,  PARK2 , 
 UCH-L1 ,  PINK1 , and  DJ1  are associated with familial 
forms of PD through pathogenic pathways that may com-
monly lead to de fi cits in mitochondrial and ubiquitin–
proteosomal system function. Mitochondrial and 
ubiquitin–proteosomal system dysfunction, oxidative 

stress, and SNCA aggregation ultimately contribute to the 
demise of DA neurons in PD.  Red lines  indicate inhibitory 
effects,  green arrows  depict de fi ned relationships between 
components or systems, and  blue-dashed arrows  indicate 
proposed or putative relationships (adapted from Moore 
DJ et al., from Annual Reviews)       
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   Amyotrophic Lateral Sclerosis/Motor 
Neuron Disease (MND) 

    Clinical• 
   Amyotrophic lateral sclerosis (ALS) is a  –
disease with patients presenting both upper 
and lower motor neuron signs, which leads 
to paralysis and death usually within 2–5 
years  
  Generally affects older individuals (50–70  –
years) with an annual incidence of 
1–2/100,100 and overall lifetime risk of 
1/800  
  Slight male to female preponderance  –
(1.3:1–1.6:1)  
  There is patient-to-patient variability in  –
terms of muscle areas affected initially and 
the pattern of progressive spread to eventu-
ally most muscle groups  
  Some patients present with prominent bul- –
bar symptoms secondary to early and more 
extensive loss of cranial nerve motor 
neurons  
  Upper motor neuron signs include: clonus  –
and hyperre fl exia  
  Lower motor neuron signs include: muscle  –
atrophy, weakness, and fasciculations  
  The cause is unknown with 90% of cases  –
being sporadic and 10% familial  
  Some epidemiological studies suggest the  –
incidence is increasing     

  Gross and histological neuropathology• 
   Gross changes are not usually noted in the  –
brain, though in long-term surviving 
patient’s, atrophy of the precentral gyrus 
can be seen  
  Spinal cord anterior motor nerve roots are  –
notably thinned compared with posterior 
sensory nerve roots  
  Depletion of upper (corticospinal, Betz  –
cells) and lower motor neurons as well as 
cranial nerve motor neurons are the histo-
logical hallmarks of ALS  
  The lateral and anterior medial corticospi- –
nal tracts are depleted (lateral sclerosis)  
  Skeletal muscle deprived of innervation  –
shows grouped atrophy, small acutely 
angulated  fi bers, and  fi ber-type grouping  

  Skein-like inclusions and Bunina bodies  –
are cytoplasmic inclusions that are often 
found in motor neurons of ALS patients  
  Reactive astrocytes and microglia are found  –
in the anterior horns of the spinal cord and 
motor cortex of the cerebrum     

  Genes associated with and possible molecular • 
mechanisms of pathogenesis of ALS

   Familial ALS represents about 10% of  –
cases (Table  16.5 ), and within this group 
there is signi fi cant phenotypic and geno-
typic heterogeneity   
  While genetic loci have been identi fi ed for  –
many of the familial cases of ALS, the 
function of these genes and their relation-
ship to ALS pathogenesis is largely 
unknown  
  The search is on for modi fi er genes and  –
polymorphisms in sporadic ALS  
  Small studies of sporadic ALS patients  –
have identi fi ed possible altered genes/poly-
morphisms that need to be con fi rmed in 
larger studies:  VEGF ,  EAAT2 ,  GRIA2 , 
 CNTF ,  SMN1 ,  SMN2 ,  APOE , and  NEFH   
  Epigenetic and genetic causes have been  –
postulated to bring about a number of cyto-
toxic phenotypes, though direct links are 
not well established (Fig.  16.16 ) 

     ° SOD1 
   Copper-zinc superoxide dismutase-1  �
was the  fi rst gene identi fi ed for famil-
ial ALS, and mutations account for 
20% of familial cases  
  Ubiquitously expressed cytoplasmic  �
protein that detoxi fi es the reactive 
molecule superoxide to oxygen and 
H 

2
 O 

2
 , which can be then be cleared by 

catalase and glutathione peroxidase  
  >100 mutations have been  �
identi fi ed, but the phenotypic vari-
ability even in families with the 
same mutation suggests that other 
genes and/or environmental factors 
are important  
  Rodent transgenic models with human  �
 SOD1  mutations display similar clini-
cal and pathological features and have 
been important research tools  
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   Table 16.5    Genes associated with amyotrophic lateral sclerosis (ALS)    

 Reported FALS/MND loci  Gene  Chromosomal location 

  Adult onset dominant typical ALS  
 ALS1 a    SOD1   21q22.1 
 ALS3  18q21 
 ALS6   FUS   16q11.2 
 ALS7  20p13 
 ALS9   ANG   14q11.2 
 ALS10   TARDBP   1p36.22 
 ALS11   FIG4   6p21 
 ALS13   ATXN2   12q24.12 
  Adult onset dominant atypical ALS  
 ALS with/without frontotemporal 
dementia 

  MAPT  
  C9ORF72  
  UBQLN2  

 9q21–q22 
 9 
 Chr X 

 ALS14   VCP   9q13.3 
 ALS with dementia/parkinsonism   DCTN1   17q21.1 
  Progressive lower motor neuron disease  
 ALS8   VAPB   20q13.3 
 ALS12   OPTN   10p13 
  Juvenile onset dominant ALS  
 ALS4   SETX   9q34.13 
  Juvenile onset recessive ALS  
 ALS2   ALS2   2q33.1 
 ALS5  15q15.1–q21.1 

   FALS  familial form of ALS;  MND  motor neuron disease 
  a Note that both dominant and recessive linked- SOD1  mutations have been reported (modi fi ed 
from Gros-Louise et al.  2006    ; Lill et al.  2011  )   

  Fig. 16.16    Molecular and cellular processes possibly implicated in pathogenesis of ALS (adapted from Bruijn et al. 
 2004 ; from Annual Reviews)       
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  The exact mechanism by which mutated  �
 SOD1  causes ALS is not known despite 
its discovery >13 years ago  
  A dominant negative toxic gain of  �
function mechanism is thought to be 
involved in  SOD1  pathogenesis  
  Recent animal studies have suggested  �
that mutant  SOD1  expression must 
be in both glial as well as neuronal 
cells for the ALS-like disease to 
manifest  
  Hypothesized mechanisms for   � SOD1  
toxicity include: excitotoxicity, oxida-
tive stress, mitochondrial dysfunction, 
in fl ammation, axonal transport defect, 
and/or toxic aggregation with likely 
some combination of the above     

  TDP-43 °
   Transactivating region (TAR) DNA- �
binding protein 43, a recently identi fi ed 
protein that aggregates with ubiquitin 
and other proteins in frontotemporal 
dementias and many cases of ALS 
both sporadic and some familial  
  Abnormal aggregation occurs both in  �
the presence and absence of mutation 
in the gene  
  Interestingly, reports show that  �
abnormal cell localization to the 
cytoplasm of affected neuronal and 
glial cells is found with all sporadic 
ALS cases and some familial cases 
but not with mutant  SOD1  familial 
cases, suggesting possible different 
modes of degeneration in familial 
and sporadic ALS  
  Normal physiological function and  �
role in the pathophysiology of ALS 
is not fully understood and an active 
area of investigation           

  Diagnosis• 
   Patients are diagnosed with ALS based on  –
the E1 Escorial criteria that categorizes 
patients as clinically de fi nite, probable, or 
possible for ALS based on degree of upper 
and lower motor neuron  fi ndings  
  Less commonly muscle biopsies are per- –
formed (often to rule out other diseases)  

    – SOD1  genetic testing is available and 
should be considered in the setting of 
 familial ALS with appropriate genetic 
counseling  
  Autopsy  fi ndings con fi rm the diagnosis         –

   Tauopathies 

    General comments• 
   Tau is a microtubule-associated protein that  –
binds microtubules and promotes microtu-
bule assembly, essential components of the 
cytoskeleton  
  Tau is abundantly expressed in the CNS  –
and exists in six isoforms created by 
alternative mRNA splicing of a single 
gene  
  The different isoforms have either three or  –
four microtubule-binding repeat sequences 
with similar ratios of either three or four 
repeat isoforms normally expressed; vary-
ing this ratio appears to confer susceptibil-
ity to some neurodegenerative disease later 
in life  
  Tau is also a major component of atypical  –
protein aggregates found in paired helical 
 fi laments in AD and in a number of other 
neurodegenerative diseases collectively 
thought of as tauopathies  
  Mutations in the tau gene and/or altered  –
phosphorylation states have been identi fi ed 
in many of these diseases       

   FTDP-17T 
    Frontotemporal dementia and parkinsonism • 
linked to chromosome 17 associated with tau 
gene mutations  
  Adult onset, slowly progressive neurodegen-• 
erative disease  
  Clinically characterized by variable cognitive, • 
behavioral, and motor dysfunction  
  Diffuse deposition of tau aggregates in neu-• 
rons and glia can be identi fi ed with silver 
stains and tau immunohistochemistry  
  Mutations have been identi fi ed in multiple • 
sites (exonic and intronic) of the tau gene  
  Autosomal dominant transmission     • 
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   Progressive Supranuclear Palsy 
    Multisystem degeneration characterized by • 
symptoms of parkinsonism and supranuclear 
ophthalmoplegia  
  Slowly progressive disease affecting middle- • 
and late-aged individuals  
  No established genetic or epigenetic etiolo-• 
gies and most (if not all) cases are sporadic  
  Polymorphisms in the tau gene have been • 
identi fi ed, and sporadic cases are associated 
with a homozygous H1 haplotype and overex-
pression of the 4-repeat tau isoform  
  Neuro fi brillary tangles, neuropil threads, and • 
glial  fi brillary tangles can be identi fi ed in mul-
tiple areas but tend to concentrate in substan-
tia nigra, basal ganglia, subthalamic nucleus, 
and brainstem  
  Kinase/phosphatase dysregulation may be • 
involved in the pathogenesis of progressive 
supranuclear palsy     

   Corticobasal Degeneration 
    Adult onset, neurodegenerative disease with • 
focal pathology and corresponding clinical 
phenotype of primary aphasia, dementia, visual 
inattention, or rapidly progressive mutism  
  Neuropathology consists of focal cortical or • 
deep gray matter degeneration with tau-posi-
tive neurons and glia  
  Most cases are sporadic; several familial cases • 
have been reported, though they share over-
lapping pathology and genetics with tau muta-
tions similar to  FTDP-17   
  Sporadic cases are associated with a homozy-• 
gous H1 haplotype and overexpression of the 
4-repeat tau isoform  
  The histological hallmark of corticobasal • 
degeneration is swollen or “balloon” neurons 
in the affected area  
  Balloon neurons, neuropil threads, as well as • 
occasional other neurons and glia contain tau-
positive aggregates within their cytoplasm     

   Pick Disease 
    Frontotemporal degeneration with three clini-• 
cal patterns: behavioral syndrome referred to 
as frontotemporal dementia, progressive 
non fl uent aphasia, and semantic dementia  

  Majority of cases are sporadic  • 
  Familial cases with de fi ned tau mutations have • 
been reported and called “atypical Pick dis-
ease” but may be better recognized as some 
other tauopathy distinct from Pick  
  The sporadic form is not related to H1 or H2 • 
haplotypes and appears to be a 3-repeat tau 
disorder  
  Gross neuropathology shows variable marked • 
atrophy (“knife-edge” atrophy) of the frontal, 
temporal, and parietal lobes with consistently 
preserved precentral gyrus and posterior two-
thirds of the superior temporal gyrus 
(Fig.  16.17 )   
  Pick bodies, round cytoplasmic  fi brillar inclu-• 
sions, are consistently found in the fascia den-
tata of the hippocampus and less common in 
other nuclei and cortical neurons  
  Pick bodies are highlighted with silver stains • 
or tau or ubiquitin immunohistochemistry  
  Extensive neuronal loss, gliosis, and occasionally • 
ballooned neurons are seen in affected areas      

   Trinucleotide Repeat Diseases 

    General comments• 
   These disorders are caused by expanding  –
triplet repeat of nucleotides and affect pri-
marily the CNS/PNS (Table  16.6 )   

  Fig. 16.17    Gross image of superior surface of a brain 
from a patient with Pick type frontotemporal dementia. 
Note the widely spaced, so-called “knife-edge” gyri in the 
frontal lobes       
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  Generally the larger the number of repeats  –
the more severe the disease  
  “Anticipation,” a key genetic feature  –
in these diseases, is the earlier age of 
on set in successive generations within a 
family  
  A variety of modes of inheritance exist  –
including: AR, AD, X-linked  
  Pathogenesis is not well understood, but  –
likely involves loss of function and/or toxic 
gains of function of affected proteins       

   Huntington Disease (HD) 
    Clinical• 

   Autosomal dominant transmitted disease  –
with near complete penetrance character-
ized by chorea and progressive cognitive 
and behavioral disorders  
  Mean age of onset: 40 years   –
  Prevalence of 5–10/100,000      –

  Gross and histologic neuropathology• 
   Classic gross appearance of the brain on  –
coronal section is widened lateral ventricles 
and atrophied,  fl attened caudate and puta-
men nuclei  
  Advanced cases show global brain  –
atrophy  
  Neuronal loss and reactive astrocytosis in  –
affected areas  
  Polyglutamine expanded repeats cause an  –
accumulation of the abnormal protein and 
formation of nuclear inclusions within cells 
of the striatum and cortex  
  Atrophy and neuronal loss correlate with  –
severity of clinical disease     

  Genes associated with HD• 
   Autosomal dominant form of disease (90%  –
cases; 10% occur de novo) caused by 
expanded CAG repeats (>36) coding for 
polyglutamines in the  HTT  gene ( IT15 ) 
product huntingtin     

  Possible molecular mechanisms of pathogen-• 
esis of HD

   Normal functions of HD are thought to  –
include roles in transport, transcription, 
and neurogenesis  
  The abnormal mutated form of huntingtin  –
with increased glutamines in the amino 

terminus can form protein aggregates with 
other proteins including ubiquitin  
  How the inclusions lead to cellular dys- –
function and degeneration is not known  
  Energy depletion, increased apoptosis,  –
impairment of the proteasome–ubiquitin 
system, oxidative stress, and excitotoxicity 
of susceptible neurons have all been 
hypothesized to be involved in the patho-
genesis of HD     

  Diagnosis• 
   Based on a thorough clinical history, physi- –
cal and cognitive examination  
  CT scanning to look for striatal atrophy can  –
be helpful  
  Genetic testing for the mutations of the  –
 HTT  gene can be done in affected individu-
als and family members  
  Genetic counseling is essential   –
  Fetal genetic testing and in vitro fertiliza- –
tion with preimplantation screening can be 
performed at some medical centers        

   Friedrich Ataxia (FA) 
    Clinical• 

   Most common inherited ataxia with world- –
wide distribution  
  European prevalence of 1/29,000 and car- –
rier status of 1:85  
  Autosomal recessive   –
  85% have onset before age 20; late adult  –
onset is also seen less commonly  
  Slow progress with loss of ambulation in  –
about 5–15 years  
  Patients have loss of deep sensation and  –
deep tendon re fl exes and cerebellar signs 
including an ataxic speech disorder  
  Cardiomyopathy is frequent and can lead  –
to cardiac failure  
  Adult onset diabetes in 10–32%      –

  Gross and histological neuropathology• 
   Spinal cord and dorsal roots are atrophic   –
  Loss of large myelinated axons and dorsal  –
root ganglion cells  
  Degeneration of dorsal column tracts and  –
spinocerebellar tracts  
  Cerebellum shows white matter gliosis and  –
dentate nucleus degeneration  
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  Polyglutamine expanded repeats cause an  –
accumulation of the abnormal protein and 
formation of nuclear inclusions within cells 
of the striatum and cortex     

  Genes associated with FA• 
   Homozygous GAA-repeat expansion  –
within the  fi rst intron of the frataxin ( FXN ) 
gene  
  Repeats in FA can range from 67 to 1,700  –
(normal 6–34)     

  Possible molecular mechanisms of pathogen-• 
esis of FA

   Frataxin is a mitochondrial protein involved  –
in iron metabolism  
  Increased repeats lead to decreased frataxin  –
levels and iron accumulation  
  Increased iron is thought to contribute to  –
increased oxidative stress, decreased oxi-
dative phosphorylation, and reduced 
 activity of mitochondrial enzyme com-
plexes containing iron-sulfur clusters     

  Diagnosis• 
   Based on satisfying major and minor  clinical  –
criteria with emphasis on early onset, pro-
gressive ataxia, and sensory dysfunction  
  Genetic testing is widely available to sup- –
port clinical diagnosis; especially helpful 
in atypical presentations              
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   Endocrine Tumors 

   Overview 

    Morphological and immunohistochemical • 
analyses are the most de fi nitive approaches 
for the diagnosis of endocrine tumors

   Molecular techniques and cytogenetic  –
analyses are being used more frequently 
for diagnostic and prognostic purposes     

  Speci fi c genetic mutations can in fl uence prog-• 
nosis as well as therapeutic approaches  
  The most commonly used techniques for • 
molecular analyses include:

   Fluorescence in situ hybridization (FISH)   –
  Polymerase chain reaction (PCR)   –
  Reverse transcription (RT)-PCR   –
  DNA sequencing   –
  Loss of heterozygosity (LOH)   –
  Comparative genomic hybridization (CGH)      –

  Gene expression pro fi ling of endocrine tumors • 
by cDNA microarrays provide genetic 
 fi ngerprinting which may be used for diagnos-
tic and therapeutic purposes      
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   Follicular-Patterned Thyroid Tumors 

    General molecular concepts in follicular- • 
patterned thyroid carcinomas  
  De fi nition• 

   A wide spectrum of follicular-derived  –
 cancers of varying aggressiveness from 
papillary thyroid carcinoma to anaplastic 
thyroid carcinoma     

  Several inherited tumor syndromes are associ-• 
ated with follicular-patterned thyroid carcino-
mas and include:

   Familial adenomatosis coli   –
  PTEN–hamartoma tumor syndrome   –
  Carney complex   –
  Multiple endocrine neoplasia type 1  –
(MEN1)     

  Genetic alterations implicated in the patho-• 
genesis of follicular-patterned thyroid 
carcinoma  
  BRAF mutation• 

   BRAF maps to chromosome 7q34   –
  BRAF is a member of the RAF family   –
  The V600E mutations activate the MAPK  –
pathway  
  BRAF mutation is probably an early event  –
in the pathogenesis of PTC

   The frequency of BRAF mutations vary  °
with the subtype of PTC  
  It is high in tall cell carcinomas, less  °
high in conventional PTC and columnar 
cell carcinoma and relatively uncom-
mon in follicular variant of papillary 
thyroid carcinoma  
  Anaplastic carcinomas also have BRAF  °
mutation  
  The most common mutation is V600E  °
which is present around 95% of the time  
  Other mutations rarely found in thyroid  °
carcinoma include K601E point muta-
tion, small in-frame insertions or dele-
tions surrounding codon 600, and 
AKAP9–BRAF rearrangement        

  RET/PTC rearrangement is common in papil-• 
lary thyroid carcinoma

   RET protooncogene on chromosome  –
10q11.2  

  Encodes a cell membrane receptor tyrosine  –
kinase

   It consists of an extracellular domain, a  °
transmembrane domain, and an intracel-
lular tyrosine kinase domain     

  Wild type RET is expressed at high levels  –
in the calcitonin-producing C-cells but not 
in thyroid follicular cells  
  Chromosomal rearrangement leads to acti- –
vation of RET/PTC  
  The most common rearrangements include:  –
RET/PTC1 formed by fusion with the H4 gene

   RET/PTC3 is formed by the fusion with  °
the NCOA4 (ELE1) gene     

  RET/PTC1 and RET/PTC3 are intrachro- –
mosomal paracentric inversions

   In RET/PTC2, since the genes are on  °
chromosome 10 and 17 this results in 
RET fusion with the regulatory R1 
alpha of the cAMP-dependent protein 
kinase 4     

  RET/PTC shows a wide variation in differ- –
ent geographic regions

   In the USA, the frequency ranges from  °
11 to 43%; while in Canada it is 40% 
and in Italy it is 29–35%  
  It is around 3% in Saudi Arabia and  °
85% in Australia  
  RET/PTC1 accounts for 60–70% of  °
positive cases, RET/PTC 3 for 20–30% 
of cases, and RET/PTC 2 for less than 
10% of cases        

  TRK rearrangements• 
   NTRK1 gene located on chromosome 1q22   –
  TRK rearrangement involves another  –
tyrosine kinase gene NTRK1 in papillary 
thyroid carcinoma  
  It encodes one of the nerve growth factor  –
receptor genes expressed in neurons

   It is involved in cell growth, differentia- °
tion, and survival     

  In the thyroid, the gene is activated through  –
chromosomal rearrangement with juxtapo-
sition of the intracellular tyrosine kinase 
domain of NTRK1 to the 5 ¢  terminal 
sequence of different genes

   Two of the fusion partner genes include  °
tropomyosin (TPM) and the translo-
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cated promoter region gene, both on the 
q arm of chromosome 1  
  A third fusion partner, the TF6 gene, is  °
on chromosome 3, so there is a t(1;3) 
translocation  
  TRK rearrangement promotes neoplas- °
tic transformation of thyroid cells  
  TRK rearrangements are present in  °
10–15% of papillary thyroid carcinoma        

  RAS mutations• 
   RAS genes and their chromosomal loca- –
tions include NRAS (1p13), KRAS 
(12p12), and HRAS (11p15)  
  RAS genes all encode distinct 21 kD  –
proteins  
  Somatic mutations in codons 12/13 and 61  –
of the three RAS genes are found in 
40–50% of follicular carcinomas  
  RAS point mutations are present in 10–20%  –
of papillary thyroid carcinomas  
  RAS mutation in papillary thyroid carci- –
noma is usually associated with the follicu-
lar variant pattern     

  Phosphate and tensin (PTEN) mutations• 
   Maps to chromosome 10q23.3   –
  PTEN gene products possess protein  –
tyrosine phosphatase and three phospho-
inositol phosphatase activities

   These are important in regulating cell  °
migration, invasion, and cell proliferation     

  PTEN mutations are present in 5–15% of  –
anaplastic carcinomas and most mutations 
are in the kinase domain in exon 20 and the 
helical domain in exons 4 or 9     

  TP53 mutations• 
   Maps to chromosome 17q13.1   –
  TP53 is a transcriptional transactivator   –
  Regulating functions associated with the  –
cell cycle, cell differentiation, angiogene-
sis, apoptosis, and DNA repair  
  TP53 is found in 17–38% of poorly differ- –
entiated carcinomas and 67–83% of ana-
plastic thyroid carcinomas  
  p53 induces overexpression of p21   –
  The immunohistochemical expression of  –
p53 is not necessarily associated with p53 
mutations     

  PAX8–PPAR gamma• 

   PAX8 is located on chromosome 2q13   °
  PAX8 encodes a paired domain tran- °
scription factor which has a critical role 
in thyroid development and differentia-
tion of follicular cells
   The protein binds to the promoters of  °
thyroglobulin, thyroperoxidase, and 
sodium iodide symporter genes and reg-
ulates their thyroid-speci fi c expression  
  There are several PAX8 splice variants   °
  The peroxidase proliferative-activated  °
receptor (PPAR) is part of the 
rearrangement  
  PPARs are nuclear hormone receptors  °
and control some of the genes involved 
in lipid metabolism     

  The PAX8/PPAR gamma fusion protein  –
contains the partial homeobox domains of 
PAX8 fused with the DNA binding ligand 
of PPAR gamma  
  PAX8/PPAR gamma is present in 30–35%  –
of follicular carcinomas with a lower prev-
alence in Hurtle cell carcinoma

   The rearrangement is also present in  °
~2–10% of follicular adenomas     

  A higher prevalence of PAX8/PPAR gamma  –
is associated with follicular carcinomas in 
irridiated patients     

  Beta-catenin (CTNNB1)• 
   Beta-catenin is located on chromosome  –
3p22–3p21.3  
  Beta-catenin has a role in E-cadherin- –
mediated cell–cell adhesion  
  Point mutations in the phosphorylation  –
sites of beta catenin in exon 3 stabilizes the 
protein and leads to nuclear accumulation 
of beta-catenin  
  Exon 3 mutation of CTNNB1 is present in  –
about 25% of poorly differentiated carcino-
mas and about 50–60% of anaplastic 
carcinomas     

  PI3K/AKT point mutations• 
   Mutations in the PIK3CA and PTEN  –
involving the PI3K/AKT signaling portions 
are common in anaplastic carcinomas  
  In anaplastic thyroid carcinomas 10–20%  –
of tumors have PIK3CA mutations and 
5–15% PTEN mutations  
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  In the PIK3CA gene most mutations are in  –
exon 20 which codes for the kinase domain 
and exon 9, which codes for the helical 
domain resulting in the AKT pathway 
activation  
  There is also an increase in the PIK3CA  –
gene copy numbers in about 30–40% of 
anaplastic carcinomas     

  RET point mutations• 
   Located on chromosome 10q11.2   –
  Mutations occur in sporadic tumors and in  –
tumors associated with multiple endocrine 
neoplasia (MEN) type 2A or 2B or in famil-
ial medullary thyroid carcinoma (FMTC)  
  Germline mutations in certain functional  –
regions are associated with MEN2A, 
MEN2B, and FMTC  
  In MEN2A and FMTC the mutations are  –
present in exons 10 and 11

   In MEN2A around 90% of the muta- °
tions are in codon 634  
  In MEN2B more than 90% of the muta- °
tions involve codon 918     

  In sporadic MTC somatic RET mutations  –
are present in 25–70% of cases  
  Most mutations affect codon 918        –

   Papillary Thyroid Carcinoma 

    De fi nition• 
   A well-differentiated group of carcinomas  –
derived from the follicular cell and charac-
terized by distinct cytologic features includ-
ing irregular nuclear shapes, prominent 
nuclear grooves, nuclear clearing, and cyto-
plasmic invagination into the nuclei  
  The conventional subtype has prominent  –
papillae with  fi brovascular cores     

  Clinical features• 
   Children and young adults up to fourth and  –
 fi fth decades are more commonly affected  
  Previous exposure to radiation increases  –
incidence  
  Radiographically usually appears as a cold  –
nodule     

  Pathologic features (Fig.  • 17.1 ) 
   Variable prominence of papillary  –
architecture  

  Elongated nuclei with nuclear clearing and  –
nuclear overlap  
  Cytoplasmic invagination into nuclei   –
  Prominent nuclear grooves      –

  Genetic  fi ndings• 
   BRAF mutations (30–60% of cases)  –
(Table  17.1 ) (Fig.  17.2 )    
  RET/PTC rearrangements in 10–43% of  –
cases in the USA (Table  17.2 ) (Fig.  17.3 )    
  TRK rearrangements in 10–15% of cases   –
  RAS point mutations in 10–20% of cases         –

   Follicular Thyroid Carcinoma 

    De fi nition• 
   A malignant tumor derived from the thy- –
roid follicular cells that shows a follicular 
architecture and does not show the nuclear 
feature of papillary thyroid carcinoma  
  Oncocytic or Hurtle cell carcinoma is a  –
subtype characterized by abundant cyto-
plasmic mitochondria     

  Clinical features• 
   Rare in children   –
  Most common in  fi fth decade   –
  Radiologically often presents as a cold  –
nodule     

  Pathologic features (Fig.  • 17.4 ) 
   Follicular cells with a follicular architecture   –
  Lacks nuclear features of papillary carcinoma   –
  May show capsular invasion only, vascular  –
invasion (angioinvasive), or may be widely 
invasive     

  Fig. 17.1    Papillary thyroid carcinoma showing promi-
nent papillae and one focus of calci fi cation       
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  Genetic  fi ndings• 
   PAX8–PPAR gamma rearrangements in  –
30–35% of cases  
  RAS mutations in 40–50% of cases of con- –
ventional follicular carcinomas (also in 
20–40% of follicular adenomas)  
  RAS mutations in 15–25% of Hurtle cell  –
carcinomas (also in 0–4% of Hurtle cell 
adenomas)        

   Poorly Differentiated Carcinoma 

    De fi nition• 
   A heterogeneous group of carcinomas  –
which by the Turin proposal may include 
necrosis, convoluted nuclei, and greater 
than three mitoses per ten high power  fi elds  
  Insular carcinoma is one distinct subtype of  –
poorly differentiated carcinoma     

   Table 17.1    BRAF mutations in papillary thyroid carcinomas (PTC)    

 Mutation  Distribution  Histologic variants of PTC 

 BRAF V600E  30–60%  Conventional PTC, tall cell variant 
 BRAF K601E  ~3%  Follicular variant of PTC 
 AKAP9/BRAF rearrangement  Rare  Conventional PTC 

  Fig. 17.2    BRAF mutation in papillary thyroid carcino-
mas. Bidirectional DNA sequencing shows a T1799A 
(V600E) mutation in exon 15 of the BRAF gene ( a ,  b ), 

and wild type BRAF sequence in a follicular variant of 
papillary thyroid carcinoma (FVPTC) ( c ,  d )       

   Table 17.2    RET/PTC rearrangements in papillary thyroid carcinoma   

 RET/PTC variant  Fused genes  Rearrangement  Prevalence (%) 

 RET/PTC 1  H4  inv(10)(q11.2;q21)  10–43 
 RET/PTC 2  R1alpha  t(10;17)(q11.2;q23)  5–10 
 RET/PTC 3 and RET/PTC 4  NCOA4 (RF6,ELE1)  inv(10)(q11.2)  20–30 
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  Clinical features• 
   Rare in children   –
  Most common in adults in  fi fth and sixth  –
decades  
  Often associated with a multinodular goiter      –

  Pathologic features (Fig.  • 17.5 ) 
   Tumor usually large and arises in a back- –
ground of a multinodular goiter  
  Necrosis, convoluted nuclei, and three or  –
more mitoses per ten high power  fi elds  
  Vascular invasion common      –

  Genetic  fi ndings• 
   RAS mutations in 18–27% of cases   –
  TP53 mutations in 17–38% of cases   –
  BRAF mutations in less than 2% of cases   –
  Beta-catenin mutations in 25% of cases         –

   Anaplastic Thyroid Carcinoma 

    De fi nition• 
   A highly aggressive undifferentiated thyroid  –
carcinoma usually developing in older patients  
  Many undifferentiated carcinomas are  –
derived from dedifferentiation of papillary 
or follicular carcinomas     

  Clinical features• 
   Rapidly growing carcinoma with compres- –
sion of adjacent neck structures  
  Patient may present with stridor, hoarseness,  –
or dysphagia  
  Most common in seventh and eighth  –
decades of life     

  Fig. 17.3    RET/PTC rearrangement in papillary thyroid 
carcinomas. Bidirectional DNA sequencing of RT-PCR 
products shows the RET/PTC1 (H4-RET) fusion 

sequences ( a ,  b ), and RET/PTC3 (ELE1-RET) fusion 
sequences ( c – f ) in two conventional papillary thyroid 
carcinomas       
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  Pathologic features (Fig.  • 17.6 ) 
   Large tumors, usually greater than 4.0 cm   –
  May replace the entire thyroid lobe and  –
in fi ltrate the soft tissues of the neck  
  Various patterns including spindle cell,  –
giant cell, squamoid, and paucicellular     

  Genetic features• 
   BRAF mutations in about 30–50% of  –
cases  
  RAS mutations in 55% of uses   –
  TP53 mutations in 67–83% of cases   –
  Beta-catenin mutations in 50–60% of cases   –
  PIK3CA mutations in 30–40% of cases          –

   Medullary Thyroid Carcinoma    

    De fi nition• 
   Carcinoma derived from the thyroid calci- –
tonin-producing cells  
  Tumors secrete calcitonin and other pep- –
tides and may develop sporadically or in a 
familial pattern     

  Clinical features• 
   Occurs as a sporadic tumor as well as with  –
several familial syndromes including MEN 
2A and 2B (both associated with pheochro-
mocytomas) and FMTC (not associated 
with pheochromocytomas)  
  Patients with familial disease may develop  –
carcinomas at a much younger age
   Patients with sporadic medullary thyroid  –
carcinoma present with a solid mass     
  Familial tumors are usually bilateral and  –
multifocal and are preceded by C-cell 
hyperplasia  
  Increased serum levels of calcitonin and  –
carcinoembryonic antigen are often 
present     

  Pathologic features (Fig.  • 17.7 ) 
   May range from micromedullary thyroid  –
carcinomas (less than 1 cm) to much larger 
tumors

   Most tumors occur in the upper and  °
middle third of the thyroid gland     

  Fig. 17.5    Poorly differentiated thyroid carcinoma show-
ing cells with convoluted nuclei, increase mitotic activity 
and focal insular pattern of growth       

  Fig. 17.6    Anaplastic thyroid carcinoma showing mostly 
spindled cells and a few entrapped normal follicles       

  Fig. 17.4    Follicular thyroid carcinoma showing invasion 
through the capsule       
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  The histologic features are variable ranging  –
from spindle and epithelioid cells to less 
common patterns such as solid, oncocytic, 
and papillary

   Amyloid is present in the stroma in  °
about 75% of cases     

  Immunohistochemical staining is positive  –
for chromogranin, synaptophysin, calcitonin, 
CEA, keratin, and sometimes somatostatin  
  Ultrastructural features include dense core  –
secretory granules 100–600  m m in diameter     

  Genetic  fi ndings• 
   RET protooncogene mutations   –
  Sporadic MTC RET mutation in 25–70%  –
of cases, usually in codon 918  
  MEN2A: Most RET mutations (90%) in  –
codon 634  
  MEN2B: Most RET mutations (90%)  –
involve codon 918        

   Parathyroid Adenomas and 
Carcinomas 

   General Molecular Concepts in 
Parathyroid Tumors 

    De fi nition: Increase in size of one or more • 
parathyroid glands which may be hyperplas-
tic, associated with benign tumors (adenomas) 
or malignant tumors (carcinomas)  

  Several inherited conditions are associated • 
with parathyroid neoplasia (Table  17.3 ) 

   MEN1 on chromosome 11q13   –
  Cyclin D1 on chromosome 11q13   –
  RET on chromosome 10q11.2   –
  Rb on chromosome 13q14   –
  TP53 on chromosome 17p13.1   –
  Hyperparathyroidism 2 protein (HRPT2)  –
on chromosome 1q21     

  Genetic alterations implicated in the patho-• 
genesis of parathyroid neoplasia  
  Tumor suppressors• 

   MEN1 is located on chromosome 11q13 –
   The active protein is menin      °

  Loss of expression is associated with hyper- –
plasia or adenomas  
  Rb is located on chromosome 13q14   –
  The Rb protein shows decreased expres- –
sion in parathyroid carcinomas  
  HRPT2 is located on chromosome 1q2–q32   –
  HRPT2 is lost in familial isolated hyper- –
parathyroidism, hyperparathyroidism jaw 
tumor syndrome, and in parathyroid 
carcinomas  
  TP53 located on chromosome 17p13.1;  –
mutations may occur in adenomas and 
carcinomas     

  Oncogenes• 
   RET is a member of the tyrosine kinase family   –
  Mutations are found in hyperplasia and in  –
adenomas  
  Cyclin D1 is a cell cycle regulator which  –
may be rearranged or ampli fi ed in parathy-
roid adenomas and carcinomas        

   Parathyroid Adenoma 

    De fi nition: Common benign neoplasm usually • 
involving only one parathyroid gland and caus-
ing hypercalcemia and hyperparathyroidism  
  Clinical features• 

   Hyperparathyroidism and hypercalcemia   –
  Most common in  fi fth and sixth decades   –
  Most common in female patients      –

  Pathologic features (Fig.  • 17.8 ) 
   Enlarged glands may range from 80 mg to  –
more than a few grams  

  Fig. 17.7    Medullary thyroid carcinoma composed of 
spindled and epithelioid cells. Amyloid shown as pale 
eosinophilic amorphous material is present       
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  Chief cells are most common type seen   –
  A rim of normal parathyroid may be pres- –
ent adjacent to the adenoma  
  Cystic changes may be present –

   More commonly in hyperparathyroid- °
ism jaw–tumor syndrome     

  Occasionally mitotic  fi gures may be present      –
  Molecular features• 

   MEN1 gene mutation   –
  Cyclin D1 rearrangement   –
  RET mutations   –
  HPRT2 mutations         –

   Parathyroid Carcinoma 

    De fi nition: Malignant neoplasm of parathy-• 
roids usually involving only one parathyroid 
gland and associated with severe hypercalce-
mia and hyperparathyroidism  
  Clinical features• 

   Severe hyperparathyroidism   –
  Peak age usually in the  fi fth and sixth decades   –
  Equal sex distribution   –
  May have a palpable neck mass   –

  Metastases to regional lymph nodes, lungs,  –
and liver     

  Pathologic features (Fig.  • 17.9 ) 
   Usually weighs between 2 and 10 g   –
  Composed mainly of chief cells   –
  Mitotic rate variable, but often high   –
  May see necrosis, vascular invasion, exten- –
sion to adjacent soft tissues, or thyroid 
invasion     

  Genetic features• 
   Overexpression of cyclin D1   –
  Rb protein is decreased or absent   –
  HRPT2 shows LOH and may show mutations   –
  Loss of HRPT2 expression in many tumors   –
  TP53 mutations          –

   Adrenal Cortical Tumors 

   General Molecular Concepts in Adrenal 
Cortical Tumors 

    De fi nitions: Steroid producing neoplasms • 
which may produce glucocorticoids or 
mineralocorticoids  

   Table 17.3    Genes involved with parathyroid adenomas and carcinomas   

 Histological type  Syndromes  Genes  Chromosome 

 Adenoma/hyperplasia  MEN1 
 MEN2 

 MEN1 
 RET 

 11q13 
 10q11.2 

 Carcinoma  Hyperparathyroidism–jaw tumor 
syndrome 

 HRPT2  1q21 

  Fig. 17.8    Parathyroid adenoma showing chief cells with 
uniform cells and no in fi ltration of the adjacent capsule       

  Fig. 17.9    Parathyroid carcinoma showing tumor cells 
in fi ltrating into the adjacent thyroid tissue       
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  Several inherited tumor syndromes are asso-• 
ciated with adrenal cortical tumors 
(Table  17.4 ) 

   Beckwith–Wiedemann syndrome   –
  Li–Fraumeni syndrome   –
  MEN1   –
  Carney complex      –

  Genetic alterations implicated in the patho-• 
genesis of adrenal cortical tumors

   TP53: Located on chromosome 17   –
  Mutations in exons 5–8 are found in 20–27%  –
of sporadic adrenal cortical carcinomas and 
0–6% of adrenal cortical adenomas

   Most mutations are in the DNA-binding  °
domain        

  IGF system• 
   Located on chromosome 11p15.5 locus   –
  Consists of IGF1 and IGF2 –

   More commonly overexpressed in adre- °
nal cortical carcinomas than in adenomas  
  LOH in 34% of adenomas and 83% of  °
carcinomas  
  Overexpression of IGF2 is associated  °
with a higher risk of recurrence in adre-
nal cortical carcinomas        

  P57 • Kip2  gene
   Located within the 11p15 region and is  –
paternally imprinted  
  Encodes a CDK inhibitor which binds to  –
cyclin-CDK complexes and inactivates 
their catalytic domain

   Functions as a negative regulator of cell  °
cycle progression        

  MEN1 gene• 
   Located in chromosome 11q13   –
  LOH of the MEN1 gene occurs in about  –
20% of sporadic adrenal cortical tumors     

  PRKAR1A gene• 
   Located on chromosome 17q23–q24   –
  Main mediator of cAMP signaling   –
  LOH of 17q23–24 in 23% of adenomas  –
and 53% of carcinomas

   Direct sequencing of PRKAR1A found  °
mutations in 10% of adenomas        

  Guanine nucleotide-binding protein• 
   Located on chromosome 20q13.2   –
  Associated with McCune–Albright  –
syndrome  
  GNAs mutated in sporadic adrenal cortical  –
adenomas  
  CYP21B located on chromosome 6p21.3   –
  Associated with adrenal hyperplasia in  –
100% of cases and in adrenal neoplasia in 
100% of cases        

   Adrenal Cortical Adenoma 

    De fi nition• 
   Benign neoplasm derived from the adrenal  –
cortex  

   Table 17.4    Hereditary tumor syndromes associated with adrenal cortical tumors   

 Hereditary tumor syndrome  Gene (chromosome location) 
 Prevalence of adrenal cortical 
tumors syndrome 

 Li–Fraumeni syndrome  TP53 (17p13) 
 hCHK2 (22q121) 

 ACC 3–4% 

 Beckwidth–Wiedemann syndrome  IGF2 (11p15) 
 H19 
 CDKN1C 
 KCNQ1 

 ACC 4–5% 

 Carney complex  PRKAR1A 
 (17q23–q2), 2pl6 

 PPNAD 90–100% 

 Multiple endocrine neoplasia I  MEN1 (11q13)  ACA 55% 
 ACC rare 

 Congenital adrenal hyperplasia/tumors  CYP21B (6p21.3)  Adrenal tumors 82% 
 Hyperplasia 100% 

   ACA  adrenal cortical adenoma;  ACC  adrenal cortical carcinoma;  PPNAD  primary pigmented nodular adrenocortical 
disease  



41717 Molecular Pathology of Endocrine Cancer

  May be composed of adrenal cortical cells  –
which can range from cells of the zona 
glomerulosa, fasciculata to reticularis     

  Clinical features• 
   Adenomas may be associated with excess  –
production of mineralocorticoids, gluco-
corticoids, or sex steroids  
  Occurs in children, but more common in  –
adults     

  Pathologic features (Fig.  • 17.10 ) 
   Usually composed of zona fasciculata cells,  –
but may be zona glomerulosa or zona retic-
ularis cells  
  Cells have abundant lipid laden cytoplasm  –
and small nuclei  
  Ultrastructural features include distinct  –
mitochondrial cristae     

  Genetic fi ndings• 
   TP53 mutations in 0–6%   –
  IGF1 and IGF2   –
  LOH in 34% of adenomas   –
  MEN1 gene mutations   –
  PRKAR1A mutations in 10% of adenomas         –

   Adrenal Cortical Carcinomas 

    De fi nition: Malignant neoplasm of adrenal • 
cortical origin  
  Clinical features• 

   May occur in pediatric patients as well as  –
in adults  

  Various familial conditions associated with  –
carcinomas     

  Pathologic features (Fig.  • 17.11 ) 
   Large tumors   –
  Associated with increased mitotic activity  –
including atypical mitoses  
  Necrosis and vascular invasion often present      –

  Genetic features• 
   TP53 mutation in 20–27% of carcinomas   –
  IGFI and IGFII overexpression in up to  –
83% of carcinomas  
  PRKAR1A mutations in 53% of carcinomas   –
  P57  – kip2  alterations in some carcinomas  
  MEN1 gene LOH          –

   Adrenal Medullary Tumors 
and Paragangliomas 

   General Molecular Concepts in Adrenal 
Medullary Tumors and Paragangliomas 

    De fi nition: Spectrum of benign and malignant • 
tumors associated with adrenal medulla and 
paraganglionic tissues including pheochromo-
cytomas and paragangliomas  
  Several inherited tumor syndromes associated • 
with adrenal medullary tumors and paragan-
gliomas (Table  17.5 ) 

   MEN2A and MEN2B   –
  Von Hippel–Lindau disease   –

  Fig. 17.10    Adrenal cortical adenoma showing cells with 
abundant clear cytoplasm and small nuclei       

  Fig. 17.11    Adrenal cortical carcinoma showing a diffuse 
growth pattern of tumor cells with enlarged nuclei and 
several mitotic  fi gures          
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  Neuro fi bromatosis type I   –
  Familial paraganglioma/pheochromocy- –
toma syndrome     

  Genetic alterations implicated in the patho-• 
genesis of pheochromocytomas and 
paragangliomas  
  MEN2A—located on chromosome 10q11.2• 

   Autosomal dominant with genetic muta- –
tion of RET gene  
  About 50% of patients with MEN2A  –
develop pheochromocytomas

   Missense mutations in RET in exons 10  °
and 11 are common        

  MEN2B—located on chromosome 10q11.2• 
   Mutations affect the catalytic site of the  –
kinase  
  Mutations of exon 16 and less commonly  –
exon 15 are seen in MEN2B     

  Von Hippel–Lindau• 
   Located on chromosome 3p25 –

   Disease inherited in an autosomal-dom- °
inant fashion     

  Type 1 VHL disease is associated with a  –
low risk for pheochromocytomas  
  Type 2 VHL separated into three  –
categories

   Type 2A   °
  Type 2B   °
  Type 2C         °

  Neuro fi bromatosis type 1 located on chromo-• 
some 17q11.2

   Autosomal-dominant inherited disease   –
  About 0.1–5.7% of cases may develop  –
pheochromocytomas

   There is 100% disease prevalence in  °
families     

  NF1 gene encodes for the neuro fi bromin  –
protein     

  Familial paragangliomas/pheochromocytoma • 
syndrome

   Associated with genes encoding several of  –
the subunits of the succinate dehydroge-
nase (SDH) mitochondrial complex 2, a 
tumor suppressor  
  PGL type 1 on chromosome 11q23 associ- –
ated with SDHD mutations  
  PGL type 2 on chromosome 11q13.1 asso- –
ciated with SDH5 (SDHAF2) mutations  
  PGL type 3 on chromosome 1q21–23 asso- –
ciated with SDHC mutations  
  PGL type 4 on chromosome 1q23–25 asso- –
ciated with SDHB mutations  
  Tumors with SDHB mutations are more  –
likely to be malignant        

   Pheochromocytoma 

    De fi nition: A benign tumor of chromaf fi n cells • 
in the adrenal medulla  
  Clinical features• 

   May present with paroxysmal or sustained  –
hypertension  
  Palpitation, tachycardia, tremors, and head- –
aches may be present  
  Elevated serum and urine catecholamines  –
and metabolites of catecholamines such as 
vanilmandelic acid     

  Pathologic features (Fig.  • 17.12 ) 
   Tumors are of neural crest origin   –
  Composed of large polygonal cells with baso- –
philic cytoplasm forming cell nests (Zellballen)  

   Table 17.5    Syndromes associated with the pathogenesis of pheochromocytomas and paragangliomas   

 Syndrome  Gene  Chromosome 
 Adrenal 
pheochromocytoma  Paraganglioma 

 Von Hippel–Lindau  VHL  3p25–26  ++  Rare 
 MEN2  RET  10q11.2  ++  Rare 
 NF1  NF1  17q11  +  Rare 
 PGL1  SDHD  11q23  +  ++ 
 PGL2  SD5 (SDHAF2)  11q13.1  Rare  ++ 
 PGL3  SDHC  1q21–23  Rare  ++ 
 PGL4  SDHB  1q23–25  +  ++ 
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  Immunohistochemistry is positive for chro- –
mogranin A and for synaptophysin and 
negative for cytokeratin  
  Electron microscopy shows cytoplasmic  –
dense core secretory granules  
  S100 protein-positive sustentacular cells      –

  Genetic  fi ndings• 
   MEN2A and MEN2B mutations common  –
in familial pheochromocytomas  
  VHL mutations in 4% of pheochro- –
mocytomas  
  NF1 mutations present in about 4% of  –
pheochromocytomas  
  PGL1 or SDHD rare in pheochromocytomas  –
(approximately 4%)  
  PGL3 or SDHC mutations rare in  –
pheochromocytomas  
  PGL4 or SDHB mutations in some pheo- –
chromocytomas (approximately 3%)        

   Malignant Pheochromocytomas 

    De fi nition: A pheochromocytoma with proven • 
metastatic disease to sites where paragangli-
onic tissues are usually not found  
  Clinical features• 

   Rate of malignancy varies with locations  –
and speci fi c genetic mutations  
  Age of patients with malignant pheochro- –
mocytoma is quite variable     

  Pathologic features (Fig.  • 17.13 ) 
   Malignancy de fi ned by metastatic disease   –
  Tumors with increased weight, size, mitotic  –
activity, necrosis, spindle cell morphology 
are more likely malignant  
  Metastatic disease present with malignant  –
tumors     

  Genetic features• 
   MEN2A and MEN2B mutations are more  –
common in familial tumors  
  VHL mutations   –
  NF1 mutations are uncommon in malig- –
nant pheochromocytomas  
  PGL1 or SDHD mutations present in a  –
small percentage of malignant pheochro-
mocytomas  
  PGL3 (SDHC) and PGL4 (SDHB) muta- –
tions are rare in malignant pheochro-
mocytomas        

   Paragangliomas 

    De fi nition: Neuroendocrine tumors arising • 
from the extraadrenal sympathetic and para-
sympathetic paraganglia  
  Clinical features• 

   Tumors are distributed from the head and  –
neck to the urinary bladder and organs of 
Zuckerkandl  
  Multifocal tumors in familial cases   –

  Fig. 17.12    Pheochromocytoma showing cells with abun-
dant basophilic granular cytoplasm and small round 
nuclei       

  Fig. 17.13    Malignant pheochromocytoma with proven 
metastases to the liver showing spindled cells with necro-
sis and increased mitotic  fi gures       
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  Tumors may produce norepinephrine and  –
less commonly epinephrine  
  Tumors of the cauda equina are unusual in  –
that they frequently express cytokeratin     

  Pathologic features (Fig.  • 17.14 ) 
   Tumors are of neural crest origin   –
  Growth in cell nests (Zellballen)   –
  Immunoreactivity for chromogranin A and  –
synaptophysin  
  S100 protein stains sustentacular cells   –
  Dense core secretory granules present on  –
electron microscopy  
  Most are benign; malignant tumors with  –
proven metastases are uncommon     

  Genetic features• 
   PGL1 or SDHD mutations associated with  –
head and neck paragangliomas  
  PGL2 or SDH5 (SDAF2) mutations in head  –
and neck paragangliomas  

  PGL3 or SDHC mutations in head and neck  –
paragangliomas  
  PGL4 or SDHB mutations are commonly  –
associated with malignancy in retroperito-
neal paragangliomas (Fig.  17.15 )              
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