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Preface

Clinical oncology is a rapidly evolving field. Within just a few years, increase in under-
standing of the molecular and immunological basis of cancer provided a strong base
to clinical development of novel treatment options for patients across many cancer
types. Several targeted therapies and immunotherapy are changing the clinical
landscape and the natural history of many tumors, with an impact on patients survival.
To maximize the patient benefit, prognostic and predictive biomarkers are under
investigation to identify patients who will likely benefit from therapy, and multimodal
diagnostic tools, such as liquid biopsy, are opening new frontiers to cancer diagnosis,
screenings and therapeutic decisions.

In this textbook, many specialists in the field have covered many aspects of medical
oncology. The first general section provides a comprehensive overview and background
information on tumor biology and genetics, innovative technologies for clinical and
translational research, and covers introductory topics on the main treatment modali-
ties in the care of cancer patients. The following chapters are included in the clinical
section on tumor presentations, diagnosis, prognosis, until the current state-of-the-art
of medical treatment. It provides a systematic overview of all types of solid tumors,
including epidemiology and cancer prevention, genetic aspects of hereditary cancers,
differential diagnosis, typical signs and symptoms, diagnostic strategies and staging,
and treatment modalities. Special attention is given to new and innovative treatments
for cancer patients, such as targeted therapy and immunotherapy.

This textbook combines, therefore, essential information on clinical cancer medi-
cine with a guide to the latest advances in molecular oncology and tumor biology.
Expert commentaries at the end of each chapter highlight key points, offer hints for
deeper insights, suggest further reading and discuss clinical application through the
description of cases.

This textbook offers an invaluable, practice-oriented tool for medical students just
beginning their clinical oncology studies, as well as medical oncology residents and
young professionals.

Antonio Russo
Palermo, Italy

Marc Peeters
Edegem, Belgium

Lorena Incorvaia
Palermo, Italy

Christian Rolfo
New York, NY, USA
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@ Learning Objectives
By the end of the chapter, the reader will
== Be able to apply Public Health procedures
== Have learned the basic concepts of Public Health
== Have reached in-depth knowledge of Public Health
= Be able to put acquired knowledge into clinical
practice Public Health

1.1 Introduction

The progress of cancer pathology in the world is studied
by the cancer registries (CR), structures responsible for
the systematic detection of cases of tumour that arise in
a given population. The CRs use internationally defined
standard rules for the registration of neoplasms that
make data comparable on a global level. The main epide-
miological indicators, which allow to describe the pathol-
ogy, plan health interventions, and evaluate their impact,
are incidence, mortality, survival, and prevalence.

The term incidence indicates the number of new
cases diagnosed in a defined period, usually a year, in a
defined population. Mortality is defined as the number
of deaths for a specific disease over a defined period of
time and for a specific population. Survival measures the
probability of being alive after a certain time interval
from diagnosis (usually 5 years from diagnosis); net sur-
vival is usually reported, i.e., the proportion of living
patients net of other causes other than the tumour in
question. The term prevalence indicates the number of
subjects alive in a specific instant, in a given area, which
in the past have faced a diagnosis of cancer: patients
included in therapeutic treatments, patients in follow-
up, but also subjects are included healed that have a life
expectancy similar to that of the general population.

1.2 Epidemiology of Tumors

1.2.1 Incidence

There are 14 million new cancer cases per year in the
world: 7,410,376 males and 6,657,518 females. Eight
million (57%) occurred in the less developed regions.

e [T Males

O Fig. 1.1 Estimated cancer incidence worldwide in 2012, by sex
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The overall age-standardized cancer incidence rate is
almost 25% higher in men than in women, with rates of
205 and 165 per 100,000, respectively [1].

Male incidence rates vary almost fivefold across the
different regions of the world, with rates ranging from
79 per 100,000 in Western Africa to 365 per 100,000 in
Australia/New Zealand (8 Fig. 1.1). There is less varia-
tion in female incidence rates (almost threefold) with
rates ranging from 103 per 100,000 in South-Central
Asia to 295 per 100,000 in Northern America.

Excluding skin tumors (not melanomas), lung can-
cer (17% of all tumors) prevail in males followed by
prostate cancer (15%), colorectal cancer (10%), stomach
(9%), and liver (8%). Among females, breast cancer
accounts for 25% of neoplasms, followed by colorectal
cancer (9%), lung (9%), cervix uteri (8%), and corpus
uteri (5%) (8 Table 1.1). However, the incidence is
strongly influenced by the age groups: in males, leuke-
mia is the most common cancer in both children
(0—14 years) and young people (15-39 years). The liver is
the most frequent neoplasm in young adults (40—
44 years), while from 45 years of age, the lung tumor is
the most common neoplasia with the exception of the
70-74 age group where the first neoplasm is the prostate.
In females, with the exception of the 0-14 age group
where the most common malignancy is leukemia, from
15 years on, the most frequent neoplasia is the breast in
all age groups.

Overall, there is a strong geographical gradient
between the most developed countries and the least
developed countries: Australia and New Zealand,
together with North America and Northern Europe
and the Western European countries, have the highest
incidences of tumors in the world. The countries of
South Africa, Asia, and America, on the other hand,
are those characterized by the lowest incidence
(B Fig. 1.2). This trend, however, is strongly influenced
by tumor sites: in fact, while tumors such as breast and
prostate, strongly related to incorrect lifestyles (nutri-
tion, alcohol, etc.), are more frequent in developed
countries, the liver and cervix are frequent neoplasms
in the less developed.

With regard to time trends, in men in European
countries, the incidence has increased since the first half

Females
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of the 1970s, but now some countries such as France
and Denmark show a declining trend; in women, how-
ever, the incidence increases in all countries. In the Asian
countries, Japan and China show a decreasing incidence,

O Table 1.1 The first five most frequently diagnosed
cancers and proportion on the total of the tumors (excluding
skin carcinomas) by sex

Rank Males Females

1° Lung 16.8% Breast 25.1%

2° Prostate 14.8% Colorectum 9.2%
3° Colorectum 10.1% Lung 8.8%

4° Stomach 8.5% Cervix uteri 7.9%
5° Liver 7.5% Corpus uteri 4.8%

B Fig. 1.2 Estimated cancer
incidence and mortality by sex
and region

Australia/New Zealand
Northern America
Western Europe
Northern Europe

More developed regions
Southern Europe
Central and Eastern Europe
Polynesia

South America

Eastern Asia

Caribbean

Southern Africa

World

Micronesia

Western Asia

Melanesia

Less developed regions
South-Eastern Asia
Eastern Africa

Central America
Northern Africa

Middle Africa
South-Central Asia

Western Africa

400

GLOBOCAN 2012 (IARC)

while the trend in other countries appears to be stable.
Australia continues to show a growing trend; the inci-
dence drops in the USA and New Zealand.

1.2.2 Mortality

The deaths in the world for cancer are over eight million
per year (about 4.5 men and 3.5 million women) with a
standardized rate on the world population of 126.3 and
82.9, respectively. There is less regional variability than
for incidence, the rates being 15% higher in more devel-
oped than in less developed regions in men and 8%
higher in women. In men, the rates are highest in Central
and Eastern Europe (173 per 100,000) and lowest in
Western Africa (69) (B8 Fig. 1.3).

In contrast, the highest rates in women are in
Melanesia (119) and Eastern Africa (111) and the lowest

Male Female

200 300 400

100

300 200 100
M Incidence
M Mortality
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Males

[ TR s e
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B Fig. 1.3 Estimated cancer mortality worldwide in 2012: males and females

in Central America (72) and South-Central (65) Asia.
The most lethal cancer are lung, liver, stomach, colon,
and prostate in men and breast and lung, colon, cervix,
and stomach in women.

There are also age-related differences for mortality: in
children (0-14 years) and in young people (15-39 years),
the highest rates of mortality are observed for leukemia.
From 40 to 49 years, the highest mortality is observed for
the liver, while from 50 years upwards, the lung is the
leading cause of death in all age groups. In women, leu-
kemia is the leading cause of death in children and young
adults. The breast is the first cause from 40 to 64 years,
while the age of 65 is the first cause of death.

With regard to mortality, there are significant differ-
ences with the highest rates in Asia. Also for mortality
there is a gradient between the more developed and less
developed regions with an approximately double mor-
tality both in men (3062 vs 1592) and in women (2261 vs
1287). Fortunately, mortality rates are falling across the
world, in both sexes.

1.2.3 Survival

Survival is the main outcome in the field of oncology
and allows, through the measurement of time from the
diagnosis, to evaluate the effectiveness of the health sys-
tem as a whole against the tumor pathology. Survival, in
fact, is conditioned by two aspects: the phase in which
the disease is diagnosed and the effectiveness of the ther-
apies undertaken. Therefore, both secondary prevention
interventions and the availability and access to effective
therapies affect survival.

CONCORD-3 updates the worldwide surveillance
of cancer survival to 2014 and includes individual
records for 37.5 million patients diagnosed with cancer
during the 15-year period 2000-2014. For most cancers,
S-year survival remains among the highest in the world
in the USA and Canada, in Australia and New Zealand,
and in Finland, Iceland, Norway, and Sweden [2].

Survival trends are generally increasing, even for
some of the more lethal cancers: in some countries, sur-
vival has increased by up to 5% for cancers of the liver,

pancreas, and lung. For women diagnosed during 2010—
2014, 5-year survival for breast cancer is now 89.5% in
Australia and 90.2% in the USA, but international dif-
ferences remain very wide, with levels as low as 66.1% in
India. For gastrointestinal cancers, the highest levels of
S-year survival are seen in Southeast Asia. By contrast,
in the same world region, survival is generally lower
than elsewhere for melanoma of the skin and for both
lymphoid malignancies and myeloid malignancies.

For children diagnosed during 2010-2014, S-year
survival for acute lymphoblastic leukemia ranged from
49.8% in Ecuador to 95.2% in Finland. 5-year survival
from brain tumors in children is higher than for adults,
but the global range is very wide (from 28.9% in Brazil
to nearly 80% in Sweden and Denmark). In the poor
prognosis tumors (stomach, lung, and liver), the differ-
ences were less significant, and even in more recent years,
the developed countries showed very modest progress
(8 Table 1.2).

1.2.4 Prevalence

There are 32.6 million people living with cancer (within
S years of diagnosis) worldwide: about 15 million men
and 17 million women. Prevalence is influenced by the
incidence of the disease and survival, and therefore the
geographical variability is very high: in men over 6 million
are present in Asia (40%), 4.5 million in Europe (30%),
2.6 million in North America (17%), 1.1 million in Latin
America (8%), 632,000 in Africa (4%), and 239 in Oceania
(1.6%). In women over 7 million are present in Asia
(42%), 4.5 million in Europe (27%), 2.6 million in North
America (15%), 1.4 million in Latin America (9%), 1.1
million in Africa (7%), and 207,000 in Oceania (1.2%).
There is also a strong variability linked to the site of the
tumor: the breast (6 million) and prostate (4 million) are
the most represented sites in women and men, respec-
tively, followed by colorectal, lung, and cervix (B8 Fig. 1.4).

The estimated overall trend in the present decade in
Italy (+ 3.2% per year) is comparable to that estimated
in the same period in the USA (+ 2.8% per year), UK
(+ 3.3%), and Switzerland (+ 2.5%) [3].
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D Table 1.2 Age-standardized 5-year net survival (%) by continent, country and calendar period of diagnosis

Area Good prognosis Poor prognosis

Site Breast Colon Children LLA Stomach Lung Liver

Period 2000 2010 2000 2010 2000 2010 2000 2010 2000 2010 2000 2010

2004 2014 2004 2014 2004 2014 2004 2014 2004 2014 2004 2014

North

America

Canada 86 88 62 67 91 93 25 30 16 21 17 19

UsS 89 90 65 65 87 90 26 33 17 21 12 17

Europe

Italy 84 86 59 64 83 88 32 31 14 16 16 20

Norway 85 88 60 67 88 83 22 27 12 19 8 19

Asia

China 76 83 51 53 62 58 30 36 19 20 12 14

South

America

Brazil 69 75 45 48 68 66 19 20 11 9 15 11

Africa

Algeria 39 77 88 74 31 - 21 42 18 34 6 14
D Fig. 1.4 Global World, adults

estimation of cancer 5-year

prevalence and annual

incidence by site and sex in

2012 Breast

Prostate

Male Female

Colorectum
Lung
Cervix uteri
Stomach
Bladder
Corpus uteri
Thyroid
Kidney
Melanoma of skin
Non-Hodgkin lumphoma
Lip, oral cavity
Liver
Ovary
Leukaemia
Oesophagus
Larynx
Brain, nervous system
Other pharynx

80000 60000 40000 20000 O 20000 40000 60000 80000

Estimated numbers (x100) B 5-year prevalence

GLOBOCAN 2012 (IARC) (29.3.2018) M Incidence
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1.3 Risk Factors

The known causes of DNA alterations in the genesis of
cancer include environmental, genetic, infectious, lifestyle
factors, and random factors. The share of tumors attribut-
able to the various risk factors has been extensively stud-
ied: tobacco smoking is responsible for 33% of the
neoplasms; the diet is responsible for 5%, but the percent-
age rises to 20% if one is considered overweight and obe-
sity. Physical inactivity is associated with the development
of colorectal and breast tumors. Alcohol abuse is respon-
sible for 3% of cancers. All these risk factors depend on the
habits of the individual citizen and are therefore prevent-
able risk factors. Employment factors are responsible for
5% of cancers, infections cause about 8% of tumors, ion-
izing radiation and exposure to UVA are responsible for
2%, and environmental pollution contributes another 2%.

Inheritance has a very low incidence in the tumor
genesis: less than 2% of the population is carrier of
mutations with hereditary syndromes of neoplastic risk.
BRCA 1 and 2 genes are known to increase the risk of
breast and ovarian cancer, PALB 2 (partner and local-
ization of BRCA 2), and MSH2 and MLHI for non-
polyposis colon cancer (HNPCC).

IARC (International Agency for Research on
Cancer) has published the list of human carcinogens
and includes both those for which there is sufficient evi-
dence than those with limited evidence in humans [4]. A
summary is shown in @ Table 1.3.

1.4 Primary Prevention

It has been known for many decades that tumors are
largely preventable with individual and collective
actions, a fact officially recognized for the first time in
1964 by the World Health Organization. Primary pre-
vention includes all the procedures and interventions
implemented to prevent the onset of the tumor. Since
the genesis of tumors is multifactorial, it is not always
possible to eliminate the causes of cancer to prevent the
onset of the tumor but certainly reduces the probability
that this occurs.

Between 30 and 50% of all cancer cases are prevent-
able. Prevention offers the most cost-effective long-term
strategy for the control of cancer. National policies and
programs should be implemented to raise awareness, to
reduce exposure to cancer risk factors, and to ensure
that people are provided with the information and sup-
port they need to adopt healthy lifestyles [5].

O Table 1.3 Agents (extract) classified as carcinogenic to
humans and associated cancer sites (IARC)

Chemicals and
mixtures

Formaldehyde

Benzene
Occupations

Aluminum
production

Isopropyl
alcohol
production

Metals

Chromium
compounds

Nickel
compounds

Dusts and fibers

Asbestos

Leather dust,
wood dust

Radiation

Radium 226,
radium 228

Biological agents

Epstein-Barr
virus

Hepatitis B, C

Human
papillomavirus
31, 35, 39, 45,
51, 52, 56, 58, 59

Helicobacter
pylori

Sufficient
evidence in
humans

Leukemia,
nasopharynx

Leukemia

Lung, urinary
bladder

Nasal cavity and
paranasal sinus

Lung

Lung, nasal
cavity, and
paranasal sinus

Larynx, lung,
mesothelioma,
ovary

Nasal cavity and
paranasal sinus

Bone, mastoid
process,
paranasal sinus

Burkitt
lymphoma,
Hodgkin
lymphoma, etc.

Liver

Cervix

Lymphoma,
stomach

Limited evidence in
humans

Nasal cavity and
paranasal sinus

Nasal cavity and
paranasal sinus

Colorectum,
pharynx, stomach

Lymphoepithelial-
like carcinoma,
stomach

Cholangiocarci-
noma
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B Table 1.3 (continued)

Sufficient Limited evidence in
evidence in humans
humans
Personal habits
Alcoholic Breast, Pancreas
beverages colorectum,
larynx, liver,
esophagus, oral
cavity, pharynx
Tobacco Bone marrow, Breast, in smokers’
smoking cervix, children: leukemia

colorectum,
kidney, larynx,
liver, lung, nasal
cavity and
paranasal sinus,
esophagus,
pancreas,
pharynx,
stomach, ureter,
urinary bladder,

in smokers’
children:
hepatoblastoma
Pharmaceuticals
Cyclosporine NHL, skin,
multiple other
sites
Estrogen Endometrium, Breast
menopausal ovary
therapy
Estrogen- Breast, cervix,
progestogen liver
contraceptives
Estrogen- Breast,
progestogen endometrium
menopausal
therapy

1.4.1 Tobacco

Worldwide, tobacco use is the single greatest avoidable
risk factor for cancer mortality and kills approximately
six million people each year, from cancer and other dis-
eases. Tobacco smoke has more than 7000 chemicals; at
least 250 are known to be harmful; and more than 50 are
known to cause cancer.

Tobacco smoking causes many types of cancer
(8 Table 1.2), including cancers of the lung, esopha-
gus, larynx (voice box), mouth, throat, kidney, blad-
der, pancreas, stomach, and cervix. Second-hand
smoke, also known as environmental tobacco smoke,
has been proven to cause lung cancer in nonsmoking
adults. Smokeless tobacco (also called oral tobacco,
chewing tobacco, or snuff) causes oral, esophageal,
and pancreatic cancer. Nearly 80% of the 1 billion
smokers in the world live in low- and middle-income
countries.
= Tobacco smoking: causes cancers of the lung,

esophagus, larynx (voice box), mouth, throat, kidney,

bladder, pancreas, stomach, and cervix

== Second-hand smoke (also known as environmental
tobacco smoke): causes lung cancer in nonsmoking
adults

= Smokeless tobacco (also called oral tobacco, chewing
tobacco, or snuff): causes oral, esophageal, and
pancreatic cancer

1.4.2 Physical Inactivity, Dietary Factors,
Obesity, and Being Overweight

Dietary modification is another important approach to
cancer control. There is a link between overweight and
obesity to many types of cancer such as esophagus,
colorectum, breast, endometrium, and kidney. Diets
high in fruits and vegetables may have an independent
protective effect against many cancers. Regular physi-
cal activity and the maintenance of a healthy body
weight, along with a healthy diet, considerably reduce
cancer risk. In addition, healthy eating habits that pre-
vent the development of diet-associated cancers will
also lower the risk of other noncommunicable diseases.

1.4.3 Alcohol Use

Alcohol use is a risk factor for many cancer types includ-
ing cancer of the oral cavity, pharynx, larynx, esopha-
gus, liver, colorectum, and breast. Risk of cancer
increases with the amount of alcohol consumed. For
several types of cancer, heavy drinking of alcohol com-
bined with tobacco use substantially increases the risks
of cancer. In 2010, alcohol-attributable cancers were
estimated to be responsible for 337,400 deaths world-
wide, predominantly among men.
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1.4.4 Infections

1.4.7 Radiations

In 2012, approximately 15% of all cancers were attrib-
utable to infectious agents such as Helicobacter pylori,
human papilloma virus (HPV), hepatitis B and C, and
Epstein-Barr virus. The fraction of infection-
attributable cancers varied between countries and
development status, from less than 5% in Australia,
Canada, New Zealand, the United States, and select
countries in Western and Northern Europe to more
than 50% in some countries in sub-Saharan Africa.
Two-thirds of infection-attributable cancers (1.4 mil-
lion cases) occur in less developed countries. Vaccines
are available for hepatitis B virus and some types of
HPV and can reduce the risk of liver and cervical can-
cers, respectively.

1.4.5 Environmental Pollution

Pollution of air, water, and soil with carcinogenic chem-
icals contributes to the cancer burden to differing
degrees depending on the geographical settings. Outdoor
air pollution is classified as carcinogenic, or cancer-
causing, for humans. It has been estimated that outdoor
air pollution contributed to 3.2 million premature deaths
worldwide in 2012 including more than 200,000 lung
cancer deaths. Additionally, over four million people die
prematurely from illness attributable to the household
air pollution from cooking with solid fuels; 6% of these
deaths are from lung cancer.

Indoor air pollution from coal fires doubles the risk
of lung cancer, particularly among nonsmoking women.
Exposure to carcinogens also occurs via the contamina-
tion of food, such as aflatoxins or dioxins.

1.4.6 Occupational Carcinogens

More than 40 agents, mixtures and exposure circum-
stances in the working environment are carcinogenic
to humans and are classified as occupational carcino-
gens. Occupational cancers are concentrated among
specific groups of the working population, for whom
the risk of developing a particular form of cancer
may be much higher than for the general population.
It is well-documented that occupational carcinogens
are causally related to lung cancer, mesothelioma,
and bladder cancer. For example, mesothelioma (can-
cer of the outer lining of the lung or chest cavity) is to
a large extent caused by work-related exposure to
asbestos.

Exposure to all types of ionizing radiations, from both
natural and man-made sources, increases the risk of
various types of malignancy including leukemia and a
number of solid tumors. Risks increase when the expo-
sure occurs at a young age and also when the exposure
amount is higher. Ultraviolet (UV) radiation, and in
particular solar radiation, is carcinogenic to humans,
causing all major types of skin cancer, such as basal cell
carcinoma (BCC), squamous cell carcinoma (SCC), and
melanoma. Avoiding excessive exposure, use of sun-
screen, and protective clothing are effective preventive
measures. UV-emitting tanning devices are now also
classified as carcinogenic to humans based on their asso-
ciation with skin and ocular melanoma cancers.
Radiation is used in medicine and can help save lives as
well as prevent the need for more invasive procedures.
However, inappropriate use may cause harm because of
unnecessary and unintended radiation doses for patients.
Radiologic tests and procedures should be appropriately
prescribed and properly performed to reduce unneces-
sary radiation doses, particularly in children.

Residential exposure can also arise from radon, a
naturally radioactive gas sometime present in soil, and
building materials increase risk of lung cancers. Radon
levels in homes can be reduced by improving the ventila-
tion and sealing floors and walls.

1.5 Oncological Screening and Early
Diagnosis

Oncological screening is a public health intervention that
aims to invite an apparently healthy population to carry
out a diagnostic test with the intent of discovering a pos-
sible neoplasia in a very early phase. The goal of cancer
screening is to reduce mortality for that cancer and, if pos-
sible, reduce its incidence. The first objective is reached
more than with the increase of the early forms, with the
reduction of the advanced forms (stage IV) that bring the
patient to death. On the other hand, reducing the inci-
dence of neoplasia is only possible for those sites where
the evolutionary path of the lesion is well-known: benign
lesion, premalignant lesion, and cancerous lesion as in the
case of the colon and the uterine cervix. To date, there are
three screening programs for which a positive cost-benefit
ratio has been demonstrated. Breast cancer screening for
women aged 50-69 years (but many regions have widened
the target population to 45-74 years); cervical screening
for women aged 25 to 64; and colorectal screening involv-
ing even the male population aged 50-69 years.
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The monitoring of the activity of screening pro-
grams, through appropriate indicators, is essential for
the verification of the performances of the programs
themselves. In fact, institutional programs are charac-
terized not only by the offer of the test but also by the
care of the person for the whole prevention path and by
the presence of quality monitoring systems that are car-
ried out through the control of the indicators in the
various phases.

1.5.1 Breast Cancer

Early diagnosis strategies focus on providing timely
access to cancer treatment by reducing barriers to care
and/or improving access to effective diagnosis services.
The goal is to increase the proportion of breast cancers
identified at an early stage, allowing for more effective
treatment to be used and reducing the risks of death
from breast cancer.

Mammography is a radiological examination of the
breast, effective for identifying breast tumors early, as it
allows to identify the nodules, even small, not yet per-
ceptible to the touch. The organized screening programs
provide that the exam is performed by visualizing the
breast both from the top to the bottom and from the
side. A large study is published in the Journal of Medical
Screening in September 2012, and reviewing published
research on breast cancer screening programs in Europe
has shown that mortality is reduced by 25% for women
undergoing screening [6].

A recent Italian study shows a significant reductions
among attenders for specific cancer stages; the authors
observed a 39% reduction for T2 or larger (IRR = 0.61;
95% CI: 0.57-0.66), 19% for node positives (IRR = 0.81;
95% CI: 0.76-0.86), and 28% for stage Il and higher
(IRR =0.72; 95% CI: 0.68-0.76) [7].

1.5.2 Cervix Cancer

WHO has reviewed the evidence regarding the possi-
ble modalities to screen for cervical cancer and has
concluded that screening should be performed at least
once for every woman in the target age group (30—
49 years) when it is most beneficial; HPV testing,
cytology, and visual inspection with acetic acid (VIA)
are all recommended screening tests; cryotherapy or
loop electrosurgical excision procedure (LEEP) can
provide effective and appropriate treatment for the
majority of women who screen positive for cervical
precancer; and “screen-and-treat” and “screen, diag-

nose, and treat” are both valuable approaches.
Regardless of the approach used, the key to an effec-
tive program is to reach the largest proportion of
women at risk with quality screening and treatment.
Organized screening programs designed to reach
most women at risk are preferable to opportunistic
screening.

A recent review report that FDA advisory panel
recommended the use of HPV testing alone. This rec-
ommendation was based on data showing the long-
term predictive value of a positive high-risk HPV test
result. In an ideal world, in which women have regular
follow-up, primary HPV screening is as effective as pri-
mary cytology screening. The duration of the protec-
tive effect of a negative HPV-negative test is twice as
long as for a negative cytology test because cytologic
changes are downstream of HPV acquisition. Clear
algorithms for reflex cytology and for appropriate col-
poscopy referrals can balance the loss of specificity
with HPV testing. The challenge with a new screening
paradigm of primary HPV testing, which reduces the
frequency of surveillance, will be to assure robust
tracking and follow-up of women at risk for cervical
cancer [8].

1.5.3 Colorectal Cancer (CRC)

In Europe the recommendation on cancer screening is a
shared EU-level commitment to take practical steps to
reduce it. Differences in cancer control strategies and
survival rates among states are a further major chal-
lenge; meeting it requires a complex multidisciplinary
approach. However the most important goal is to
increase screening participation. Over time this will
help prevent deaths due to CRC and improve the qual-
ity of life for millions of people who are at risk of
developing one of the most common cancers in Europe
and the world. It can no longer be accepted that a
tumor that can be diagnosed by screening at an early
and surgically treatable stage should continue to cause
so many deaths [9].

An [talian study included 23,668 CRCs diagnosed in
subjects aged 50-69 years showing a higher proportion
of males, of cases in the distal colon, and a higher mean
age of the patients. Compared with pre-screening cases,
screen-detected CRCs showed a better distribution by
stage at diagnosis (OR for stage III or IV: 0.40, 95% CI:
0.36-0.44) and grading (OR for poorly differentiated
CRCs was 0.86, 95% CI: 0.75-1.00). Screen-detected
CRCs have more favorable prognostic characteristics
than non-screen-detected cases [10].
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1.6 Cancer Registries

The epidemiology of cancer is monitored by the constant
activity of cancer registries (CR), structures dedicated to
the collection and analysis of incidence, survival, and
prevalence of malignant tumors that occur in a given pop-
ulation. The data produced by the CR are used for descrip-
tive epidemiology, impact assessment of cancer screening,
health planning, research support, and risk assessment in
environmental epidemiology. The registration activity
takes place actively, using primary sources (hospital dis-
charge records, pathological reports, death certificates,
medical records, personal data, and general practitioners)
and ancillary sources (exemptions, outpatient specialist
services, laboratory exams, radiological examinations, pal-
liative care, home care, and screening services). To ensure
that the data collected by the CR are reliable and compa-
rable, they adopt international standard rules
(International Association of Cancer Registry) [11].

The registration activity underlies in fact mandatory
rules that include:
== Completeness: elimination or minimization of the

loss of incident cases
== Accuracy: minimization of the presence of incorrect,

incongruent, or imprecise data

HIGHES

HDI REGION i

Northern America

= Timeliness: guarantee of a minimum production
time of the incidence and survival data

== Comparability: adoption of international standards
and continuous updating

== Training: commitment to consolidate staff skills

== Respect for privacy: minimization of treatment and
elimination of unnecessary use of sensitive data

= Continuity: guarantee of financial autonomy,
resources, and skills

== Quality: commitment to measure, verify, and improve
over time the respect of the previous principles

At an international level, the coverage of the CR is very
inhomogeneous. @ Figure 1.5 shows the international
coverage of CR: in regions with high HDI (human
development index), the coverage of CR is very variable
as far as 95% of North America, 78% of Oceania, and
42% of Europe. In countries with low HDI coverage, it
is extremely low and does not reach 10%: 8% in Latin
America, 6% in Asia, and just 2% in Africa. The same
problem also afflicts the vital registration.

The availability of good quality population data
would allow a continuous monitoring of the effects of
the planning and prevention activities carried out in the
various countries.

| BN W) LOWEST
HDI REGION

95% 100%

by cancer registration by vital registration

Latin America and Caribbean

8% 25%

by cancer registration by vitalregistration

\ by caﬁcer"uregistra‘iion by vital registration
- _f’.-

Oceania

718%

by cancer registration

714%

by vital registration

O Fig. 1.5 International coverage of cancer registries by continents and human development index (HDI)



Epidemiology and Cancer Prevention

Key Points

1.

There are 14 million new cancer cases per year in
the world.

Excluding skin tumors (not melanomas), lung
cancer (17% of all tumors) prevail in males fol-
lowed by prostate cancer (15%), colorectal cancer
(10%), stomach (9%), and liver (8%). Among
females, breast cancer accounts for 25% of neo-
plasms, followed by colorectal cancer (9%), lung
(9%), cervix uteri (8%), and corpus uteri (5%).
Obviously there is a consistent region variability
in terms of incidence, prevalence, and types of
tumors.

Survival trends are generally increasing, even for
some of the more lethal cancers: in some coun-
tries, it has increased by up to 5% for cancers of
the liver, pancreas, and lung.

32.6 million people living with cancer (within
5 years of diagnosis) worldwide: about 15 million
men and 17 million women. Prevalence is influ-
enced by the incidence of the disease and survival.
Primary prevention includes all the procedures
used to prevent the onset of the tumor.

Cancer registries are used to monitor constantly
the number of neoplasms in a given population
with the intent of studying their features and the
characteristics of the patients.
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@ Learning Objectives

By the end of the chapter, the reader will

== Have learned the basic concepts of tumor biology
and intra-tumor heterogeneity

== Have acquired a good knowledge of the cancer
clonal evolution process

== Have learned the basic concepts of natural history
of cancer

== Have reached a good knowledge of the carcinogen-
esis process

2.1 Introduction

Tumors are not uniform diseases but heterogeneous
entities consisting of populations of cells or cell clones,
with different genetic and molecular characteristics.
The growth and progression of a tumor is a hetero-
geneous process influenced by the surrounding tumor
microenvironment. The ability of a tumor to evolve
and fit to host microenvironment, by developing often
resistance mechanisms to the anticancer therapies, is
dependent on this biological variability [1]. In fact, the
variability observed within individual tumors, known
as intra-tumor heterogeneity, represents the crucial step
in cancer clonal evolution process, by promoting and
driving a genetic mechanism able to select the fittest
cell clones [2]. A single clonal origin is usually shown
by most of tumors at the early stages of the disease,
whereas advanced-stage tumors may contain multiple
cell populations with different characteristics which
confer the ability to invade other tissues and develop
distant metastases [3, 4]. The acquisition by tumor cell
clones of the capability of modulating their motility
or adhesion has been shown to induce variations in
clinical patterns and limit therapy efficacy, by influenc-
ing treatment response. Different genetic properties,
indeed, are shown by cell clones with metastatic poten-
tial compared to clones devoid of metastatic potential
[5, 6]. Therefore, the identification of genetic markers
of metastatic cell clones is the major purpose of many
scientists [7-9]. Although little is yet known, two mod-
els have been hypothesized to explain the biological
mechanisms underlying the metastasis. According to
the genetic selection model, metastasis is an event that
derives from a late clonal selection process involving the
acquisition of a metastatic potential and an aggressive
phenotype by a subgroup of cancer cells only during
the late stages of the multistep process of cancerogen-
esis[ 2, 10, 11]. Another interesting model, instead, sug-
gests the genetic background-dependent acquisition by
cancer cells of a metastatic potential during relatively
early stages of the cancerogenesis [12]. In this regard,

Ramaswamy and collaborators [13], through a gene
expression study performed on primary and metastatic
tumor samples, identified a molecular signature associ-
ated with metastasis supporting this latter model.

In the last years, sequencing analysis demonstrated
that genomic landscape exhibited by most of human
cancers shows a small quantity of genes altered in a high
number of tumors and a large amount of genes not fre-
quently altered [14, 15]. Tumorigenesis may be induced
and driven by intragenic mutations called “driver gene”
mutations, whereas other mutations which confer no
selective growth advantage are defined “passengers.”
Driver genes can be included into 12 signaling path-
ways modulating 3 main molecular and cellular events,
namely, cell survival, genome integrity maintenance, and
cell fate [1, 16]. Understanding the genetic anomalies
underlying tumor, and the specifically involved molecu-
lar pathways, has radically changed the natural history
of this disease. Recent progress in understanding molec-
ular mechanisms driving tumors led to the development
of new therapeutic modalities selectively targeting spe-
cific molecular pathways, resulting in improvements for
prognosis of cancer patients [17-19]. Recently, a large
number of molecular alterations and genetic aberrations
related to tumor cell proliferation and survival and ther-
apy response were identified as potential biomarkers for
clinical use, thanks to advances in the field of genomics,
biotechnology, and molecular pathology. In addition,
several evidence highlighted that treatment response can
be influenced by epigenetic mechanisms able to regulate
gene expression [18]. However, the simple description of
genetic abnormalities is insufficient to make us under-
stand the natural history of cancer. Therefore, an inte-
grated view of the natural history of the tumor in the
various stages of its progression is needed to identify the
best treatment option, improve prognosis, and predict
therapy response.

The thorough knowledge of the evolutionary history
of a tumor along the space-time axis is an essential fac-
tor for developing new screening strategies able to early
identify neoplasia when genetic variability is low and the
disease is evolving. The implementation of more specific
and sensitive clinical approaches is needed due to the
correlations observed between clinical outcome and
tumor diversity, in order to better characterize and eval-
uate tumor heterogeneity and early detect the subclonal
events within tumor [20].

In this chapter, we will summarize the key concepts
related to biology and natural history of tumors, describ-
ing the model of cancer clonal evolution and discussing
how the understanding of biological processes may
affect the natural history of the disease.
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2.2 Cancer Clonal Evolution

The cancer clonal evolution model hypothesizes that
tumor progression and diversity are driven by the
genetic drift and natural selection, suggesting that a
spontaneous or induced genetic mutation provides a
selective advantage to a tumor cell, generating a domi-
nant subpopulation able to drive tumor progression
[21-23]. The theory that assumes a monoclonal origin
for cancer was supported by preliminary cytogenetic
analyses concerning tumor clonality that hypothesize
the cancer origin from a single transformed somatic
progenitor cell. This model suggests that at least one
primary chromosomal alteration is shared by all can-
cer cells, which, afterward, undergo a clonal selection
process, according to the Darwinian evolution theory,
generating different cancer subclonal populations har-
boring secondary mutations [24]. Subsequently, other
scientific studies and deeper cytogenetic analyses car-
ried out on multiple samples from the same patient
showed occasionally the appearance of several cytoge-
netically independent clones, raising doubts about the
monoclonal theory and knowledge so far reached on

Primary genetic
mutation
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Primary tumor
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O Fig. 2.1 Models of cancer clonal evolution. a The monoclonal
hypothesis suggests that cancer cells maintain a monoclonal origin
during the course of the disease without acquiring further secondary
alterations. b The second mechanism relies on the concept of clonal
divergence, confirming a monoclonal tumorigenesis process followed
by a secondary clonal heterogeneity due to subsequent alterations

Tumor progression/
metastasis
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tumor clonality [25-30]. Four possible different mecha-
nisms elucidating the concept of cancer clonal evolu-
tion were postulated following the several experimental
studies. The first model is based on the monoclonal the-
ory, hypothesizing that tumor cells retain the original
monoclonality during the course of the disease without
acquiring further secondary mutations as those found
by karyotypic analysis. In fact, some sarcomas and leu-
kemias show only a single genetic alteration in all can-
cer cells (B Fig. 2.1a). The second model relies on the
theory of clonal divergence that confirms the monoclo-
nality of the tumorigenesis process but hypothesizes
a secondary clonal heterogeneity determined by sub-
sequent mutations occurring over time (B Fig. 2.1b).
The third model involves the onset of an initial poly-
clonality in cancer, to which follows a clonal conver-
gence process that causes a considerable reduction in
genomic alterations and the selection of cytogenetically
independent clones during tumor expansion, produc-
ing a secondary oligo- or monoclonality (8 Fig. 2.1c).
Finally, the fourth model suggests a cancer polyclonal
origin characterized by an early clonal convergence and
a late clonal divergence resulting from the presence of

3383 38

occurring over time. ¢ The third model involves an initial polyclonal
tumorigenesis followed by clonal convergence resulting in a second-
ary mono- or oligoclonality. d The last model proposes a cancer
polyclonal origin characterized by early clonal convergence and late
clonal divergence




18 D. Fanale et al.

other cytogenetic alterations that allow specific clones
to continue to exist during the intermediate stages of
cancerogenesis [31-33] (B Fig. 2.1d).

Experimental studies demonstrated that cancer
clonal evolution is a highly heterogeneous multiple
sequential process characterized by the co-existence and
co-evolution of several clonal subpopulations changing
along the space-time axis and acquiring selective sur-
vival advantages during tumor progression [34, 35]. It
has been suggested that different tumor types may fol-
low different evolutionary mechanisms [36, 37]. Tumor
evolution can occur through four different modalities:
linear evolution, clonal separation (or allopatric specia-
tion), clonal competition (or antagonist evolution), and
clonal cooperation (or symbiotic evolution). The pres-
ence of sequential alterations over time underlies the
linear evolution process and may determine tumor het-
erogeneity when a subclone is unable to exceed its prede-
cessors. The occurrence of subclonal populations
geographically isolated within tumor and genetically
distinct in different tumor districts underlies the clonal
separation mechanism that is a process equivalent to the
allopatric speciation [38, 39]. Recent experimental evi-
dence revealed that distinct subclones can cooperate
between them during tumor evolution (clonal coopera-
tion) [40]. Sometimes, this cooperation can lead to a
tumor collapse induced by clonal interference, when, for
example, a subclone with higher proliferative capability
and unable to survive alone exceeds an autonomous
driver subclone (clonal competition). Therefore, innova-
tive therapeutic approaches are needed in order to detect
and target specific subclonal populations favoring sur-
vival and growth of neighboring cells in the tumor [41].
Likewise, understanding the links between phylogenetic
and tumor clonality may let to genetically correlate a
primary tumor with its metastases over time [42]. Two
distinct pathways called microevolution and macroevo-
lution may determine tumor evolution. While microevo-
lution is a gradual event, conversely macroevolution is
characterized by considerable, non-gradual jumps along
the evolutionary lines [37].

Recent advances in the molecular biology field,
such as the next-generation sequencing (NGS) analy-
sis, and implementation of more sophisticated compu-
tational methods have allowed to better investigate the
above described models of cancer clonal evolution
and get a high-resolution overview of the genetic
defects present in tumors, in order to deeper analyze
spatial distribution of subclones and better define
tumor heterogeneity [43-49]. Recently, the analysis of
circulating tumor DNA (ctDNA) is allowing to pre-
dict and characterize cancer subclonal evolution dur-
ing disease progression, therapy, and acquisition of
drug resistance [50].

2.3 Intra-tumor Heterogeneity

A key event in cancer clonal evolution process is repre-
sented by intra-tumor heterogeneity (ITH), that is, the
variability within individual tumors, able to promote
and drive the genetic selection mechanism of the fit-
test cell clones [51, 52]. Experimental studies demon-
strated that a genetic, morphological, and behavioral
variability can be shown by cancer cells present in an
individual tumor [53]. Using a compound microscope,
the pathologist Rudolf Virchow and other research-
ers have detected cellular heterogeneity within single
tumors, for the first time, in the 1800s [54]. Unlike the
inter-tumor heterogeneity enabling to mark the differ-
ences between tumors that hamper the eradication of
the disease, conversely, intra-tumor heterogeneity may
affect both tumor progression and therapy efficacy [55—
57]. In fact, as suggested by Heppner, in 1984, knowing
the factors and events that determine the intra-tumor
heterogeneity can lead to the development of new ther-
apeutic strategies for patient cure [58]. The occurrence
of a large number of genomic variations within each
tumor may cause a high extent of tumor heterogeneity,
despite most of these alterations, for example, chromo-
somal rearrangements or somatic mutations, seem to be
not detected across all samples from a tumor or meta-
static lesions [59]. Different genetic alterations may be
found in a limited number of genes from cancer samples
recruited at different stages and from different subjects
[60]. Another crucial event for the intra-tumor hetero-
geneity seems to be the branched evolution that occurs
during tumor progression, allowing to detect phyloge-
netic genomic changes originated during tumor clonal
evolution [61, 62]. The intra-tumor heterogeneity has
been shown to vary along the space-time axis, leading
to the expansion of different clones which evolve inde-
pendently, but not always, in a divergent way. A conver-
gent clonal evolution may be caused by the presence of
different parallel mutations in the same gene, highlight-
ing the significant contribution of a specific molecular
pathway in the tumor progression and indicating tar-
gets potentially useful for the implementation of new
therapeutic options [56, 63-65]. Analyzing the molecu-
lar changes of a tumor over time in order to favor the
development of tailored therapeutic strategies could be
very helpful, since molecular characterization derived
from tumor biopsy gives us only a picture restricted in
the time and space of a given tumor, without providing
information about its heterogeneity [66, 67]. Generally,
there exist two theoretical models potentially comple-
mentary between them used to elucidate the origin of
tumor heterogeneity: the clonal evolution model [68]
and cancer stem cell (CSC) hypothesis [69]. These two
theories, in the past believed mutually exclusive, seem to
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have some commonalities, suggesting that tumor origin
may depend on the accumulation of multiple molecular
alterations, acquisition of an uncontrolled proliferation
ability by single cells, and interaction with tumor micro-
environment [70]. However, tumor cell organization is
deemed hierarchical in CSC model and stochastic in
clonal evolution model. In addition, the heterogeneity
seems to be due to epigenetic and genetic alterations
followed by natural selection in clonal evolution model,
whereas to abnormal differentiation processes and
mutations in the CSC hypothesis [71]. Furthermore,
the genetic instability, proliferation rate, cell popula-
tion size, and selective pressure induced by external
selective thrusts, according to the Darwinian evolution-
ary theory, seem to drive tumor progression and ther-
apy resistance in the clonal evolution, whereas these,
instead, result depend on a small cell subgroup only
in the CSC theory [72] (B Fig. 2.2). In advanced-stage
cancers, the intra-tumor heterogeneity found in most
tumors has been shown to limit treatment response and
promote drug resistance, favoring the selection of resis-

tant subclones, sometimes identifiable prior to therapy
[73] (B Fig. 2.3). For that reason, the contribution that
tumor heterogeneity provides to therapeutic response
is essential for the success of the anticancer therapies,
by studying the link between clonal heterogeneity and
clinical significance of subclonal driver mutations [74—
77]. Generally, the clinical choice to adopt a specific
targeted therapy is dependent on the presence of target
driver mutations found in the primary tumor through
histological or molecular analyses. However, the main
hurdle to the successful treatment is represented by the
intra-tumor heterogeneity and clonal evolution within
each tumor, as target mutations in the primary tumor
or metastatic lesions are not harbored by all cancer
cells [78]. The evolution of metastatic disease may be
influenced by the microenvironment of the metastatic
site, sometimes leading to the selection and enrichment
of some tumor subclones and determining a genomic
and phenotypic variability between primary tumor and
metastases in different tumors [63]. Conversely, in other
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B Fig. 2.2 Differences between clonal evolution model and cancer stem cell (CSC) hypothesis. The origin of tumor heterogeneity may be
explained through these two theoretical models potentially complementary
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O Fig.2.3 Intra-tumor heterogeneity and resistance. Heterogeneity
of tumor cells may alter the therapeutic response to specific thera-
pies, because a small fraction of tumor clones becomes insensitive to

situations, the same genetic mutation has been observed
both in primary tumor and metastatic lesions [79, 80].

Among tumors, an interesting example of
intra-tumor heterogeneity can be represented by mela-
noma and non-small cell lung cancer (NSCLC). Indeed,
until some time ago, mutations in NRAS and BRAF
genes were considered mutually exclusive in melanoma,
suggesting that tumor growth and survival do not take
advantage by their simultaneous presence [81-83].
However, recent evidence showed that both two muta-
tions may be simultaneously found in the same tumor
samples [84, 85]. The intra-tumor heterogeneity has
been shown to play a crucial role also in NSCLC treat-
ment, since NSCLC patients with EGFR activating
mutations reveal different therapeutic responses to tyro-
sine kinase inhibitors (TKIs) [86, 87].

The combination of different therapies may help us
to overcome tumor resistance induced by intra-tumor
heterogeneity, improving the efficacy of targeted agents
and chemotherapy and increasing survival rates in can-
cer patients.

2.4 Natural History of Cancer

Cancer was described for the first time by Hippocrates
which used the word “carcinoma” (from Greek “karki-
nos” = “crab”) in order to definite it. The word “neopla-
sia,” instead, was introduced by Galeno in the second
century only and was defined as the expansion of a
body region adverse to the nature. The first description
of a breast tumor dates back to the Ancient Egyptians
around 3500 years ago, as documented by the Edwin
Smith Surgical Papyrus. The genetic basis of cancer con-
cerning the hereditary chromosomal mutations able to
induce uncontrolled proliferation in cells, instead, was
described by Boveri in 1902 [88-90].

New oncogenic
dependency

Tumor
progression

—

therapy and survives, resulting in disease relapse and tumor progres-
sion

Tumors can be distinguished as malign or benign
based on their cellular features. Cells belonging to a
benign neoplasm do not alter normal tissue function
and proliferate slowly [91]. Conversely, cells belonging
to a malignant neoplasm exhibit numerous changes in
cell biology, including ability of autonomous differen-
tiation and proliferation, and inclination to escape
from apoptosis, to invade surrounding tissues and
metastasize to sites distant from the primary tumor
(8 Fig. 2.4) [92].

A significant prognostic value is provided by degree
of differentiation (or grading) of a tumor, because gen-
erally the more undifferentiated a cancer results, the
greater its proliferative potential, and consequently the
most unfavorable its prognosis [93].

Although the cellular features of tumors allow us to
better investigate carcinogenesis, however, they are not
suitable to detect molecular alterations.

The factors behind the development of cancer can be
categorized into endogenous (or genetic) and exogenous
(or environmental) [94, 95]. Endogenous factors include
inherited genetic alterations, age, hormonal disorders,
physiological conditions, immune system damages, and
inflammatory states (e.g., pancreatitis, ulcerative colitis,
etc.) [96-101]. Exogenous factors include lifestyle, diet,
socio-economic status, chemical substances (natural and
synthetic), physical agents (ionizing and non-ionizing
radiations), and biological agents (bacteria, viruses, and
parasites) [102-108]. Epidemiological studies on the
cancer incidence revealed that cancer risk varies between
population groups depending on the lifestyle-related
factors and habits and defined geographical areas [109,
110]. Indeed, high incidence rates of some types of can-
cer in the population are determined by incorrect life-
style and habits, such as cigarette smoke and inhalation
of related products, excessive alcohol consumption,
high-fat diet, ingestion of foods contemned by mycotox-
ins, etc. [111-115].
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B Fig. 2.4 Major biological properties of the malignant neoplasm

Cancer is a systemic disease that at first shows local
events and afterward is characterized by a multistep pro-
cess with several hallmarks, including rapid prolifera-
tion, apoptosis inhibition, neoangiogenesis, local
invasion, and metastasis [116, 117]. Although the genetic
alterations detected in human cancers have been studied
and characterized by analysis of murine tumor models
[118, 119], however, the natural history of tumor onset
and progression and incidence and localization of pri-
mary tumors and metastases were not deeply investi-
gated across an animal population [120]. Recent progress
in the comprehension of the cancer initiation processes
and the implementation of new therapeutic approaches
have not been enough to definitively overcome resis-
tance of tumor cells to different therapies, improve prog-
nosis, and prevent tumor recurrence [121, 122]. The
major goals of the oncology research are to discover the
biological mechanisms underlying tumor resistance and
develop therapeutic strategies able to overcome this
problem, as the existing treatments not always allow to
fully eliminate the disease [78, 18]. The best treatment
options for cancer patients depend on several factors,
including also the natural history of the disease and
tumor biology.

2.4.1 Carcinogenesis

Carcinogenesis is a multistep process determined by the
gradual accumulation of gene alterations and epigen-
etic modifications able to modulate specific molecular
pathways, by producing overall a malignant phenotype
[123, 124]. Starting from tumorigenesis, the cancer

Neoplasia

Insensitivity to anti-growth signals
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onset occurs through different stages over time. This
process of development, in the absence of therapeutic
treatment, is known as natural history of cancer and
occurs over a variable period of time, even if often long.
The natural history of cancer consists of a multistage
process, in which the features of some most important
stages are unique and well described [125, 126]. In
addition, in the history of a tumor, there may be a vari-
able period of latency, during which early onset occurs
at the microscopic and cellular level. Different cancer
initiation and promotion factors as well as progression
history characterize every type of cancer [127]. The
natural history of cancer includes three major steps
described during carcinogenesis: initiation, promotion,
and progression (B Fig. 2.5) [128, 129]. Morphological
and biochemical modifications and genetic and/or epi-
genetic alterations characterize each of the three stages
[130-132]. Genetic changes include mutations in genes
involved in the DNA repair, survival, cell prolifera-
tion control, and cell death, whereas epigenetic modi-
fications involve the activation of several mechanisms
which silence gene expression, favoring the carcinogen-
esis. The three major classes of genes altered in can-
cer are proto-oncogene, tumor-suppressor genes, and
DNA repair genes. Epigenetic changes include DNA
methylation and histone modifications, involved in
the chromatin remodeling mechanisms [124, 133, 134,
135]. The first two stages of carcinogenesis are only
known by experimental models and epidemiological
studies on human tumors. Indeed, no animal model
has been shown to completely mimic the complexity
of these steps, because of different genomic alterations
and pathological characteristics concerning cancer
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O Fig. 2.5 Description of the carcinogenesis stages. The classic
model of carcinogenesis consists of three major stages which
describe the natural history of cancer: initiation, promotion, and
progression. During these stages alterations in genome structure
occur, leading, in the promotion phase, to changes in gene expression
which determine the selective proliferation of initiated cells harbor-
ing DNA lesions. The initiated cells, which are phenotypically simi-

patients [136, 137]. In order to investigate the natu-
ral history of tumors, several animal cancer models,
such as genetically engineered models (GEM) specifi-
cally involving the overexpression of an oncogene or
loss of a tumor-suppressor gene, xenograft or allograft
tumors, and chemically induced malignancies, have
been developed over time. Tumor transplantation is
carried out between individuals from the same species
in the allografts, whereas between individuals belong-
ing to different same species in xenografts [138, 139].
These experimental models may carefully reproduce
the initiation events, evolution process, and progres-
sion of a tumor in space and time, in order to investi-
gate the etiology, prevention, diagnosis, and treatment
of cancer in all stages [137].

Usually, the different agents involved in the natural
history of a tumor are classified into (1) incomplete car-
cinogens or initiators, which are able to trigger the first
stage only; (2) promoters, involved in the second phase

|

Overexpression of oncogenes
and down-regulation of tumor
suppressor genes

lar to other cells, are subjected to mutations which cause proliferation
but not differentiation. The promoter agents do not necessarily give
rise to cancer but slow the usual inhibition of the quiescent cells or
in G, promoting the clonal expansion of initiated cells and, finally,
determining malignancy. The progression is an irreversible process
which describes the sequence of the consecutive transformations
from pre-neoplastic or benign lesions to a malignant neoplasia

only; and (3) complete carcinogens, which are able to
carry on the whole process from initiation to emergence
of the in situ disease [129].

The initiation phase represents the first step in cancer
development and is an irreversible and rapid process
causing DNA lesions to be induced after exposure to
carcinogens (chemical, physical, viral). This event pre-
disposes susceptible normal cells to the malign evolu-
tion and immortality. At this initial stage, the cell is not
yet neoplastic, but, after further genotypical and pheno-
typical modifications, it is addressed toward neoplastic
transformation [140]. In fact, the initiated cell, which is
phenotypically similar to other cells, is subjected to
mutations which cause proliferation but not differentia-
tion [141] (B Fig. 2.5). The first event of the chemical
carcinogenesis is represented by DNA damage which
can be enzymatically fixed, if DNA repair mechanisms
are activated before or during cell division. However,
proliferating cells do not have much time to correct it, by
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removing the covalent bonds that chemical compounds
form with DNA [142]. The chemical compounds often
not interact with DNA but are able to induce permanent
genetic mutations which quickly propagate in the daugh-
ter cells arising from cell harboring initial mutation
[143-145]. Initiated cells may stay at this phase for a
while or long time (weeks, months, or years), or grow in
an autonomous and clonal manner, keeping a symmetri-
cal cellular division. An increased number of new cells
and apoptosis inhibition determine the clonal expansion
of initiated cells [146, 147]. There exists a correlation
between the amount of carcinogen and number of pro-
duced tumor cells, since the greater its concentration
and the exposure time to carcinogen, the higher the risk
of carcinogenesis [148, 149]. The exposure to an initia-
tor agent does not ensure that all cells acquiring and
harboring mutations will be initiated, since, for this to
happen, genes controlling the terminal differentiation
process need to be mutated [150]. In some and less com-
mon cases, a spontaneous initiation event may occur,
because of spontaneous mutations or replication errors
in DNA [151]. Once a carcinogen has affected a cell, this
is susceptible to advance to the promotion phase.
Human epidemiological studies and animal experimen-
tal models showed that the initiation stage may be pre-
vented through the protection of healthy cells to
exposure to several carcinogenic agents such as tobacco,
benzol, various chemical compounds, radiations, etc.
[152, 153]. The discovery of the irreversibility of the pro-
cess triggered by initiators has allowed to develop
control measures aimed to restrict human exposure to
radiations from ultraviolet light and diagnostic radiol-
ogy procedures. The correlation between exposure to
chemicals in the workplace and onset of specific tumors
has favored the development of experimental models
useful to better investigate the biopathological mecha-
nisms underlying carcinogenesis [154, 155]. The general
properties of the initiator agents are summarized in
@ Table 2.1.

The promotion phase is a more prolonged event
resulting from repeated or constant exposure to a com-
pound which is not a carcinogen or initiator but a pro-
moter agent able to maintain and stabilize the initiated
lesion [146]. This stage is characterized by variations in
gene expression which promote the selective prolifera-
tion of initiated cells into a large number of daughter
cells carrying the mutation generated by the initiator,
leading to subsequent development of pre-neoplastic
cells [128, 156] (B Fig. 2.5). During initiation and pro-
motion, a substantial balance between cell proliferation
and apoptosis is observed, although each of these two
events individually can take place at different rates. In
the final phase of carcinogenesis, this equilibrium is
unbalanced, triggering the onset of malignancy [157].
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O Table 2.1 General properties of the initiator and

promoter agents
Initiators

Promote an irreversible and
additive process

Alone cannot lead to cancer

without the subsequent
presence of a promoter

Carcinogens

Mutagenic agents

Administered prior to the
promoter

Affect the initiation in a
dose-dependent manner

Undefined threshold dose

Only one exposure may be
sufficient

Covalent bonds with DNA

Promoters

Promote a reversible and
non-additive process
Unable to promote the
initiation
Co-carcinogens (no
carcinogens)
Non-mutagenic agents
Administered after the
initiator

Affect the promotion in a
dose-dependent manner

Well-defined threshold
dose

Prolonged exposure is
generally required

Non-covalent bonds with

DNA

The promoters do not interact directly with DNA, and
they can exert their biological effects only after their
metabolic activation and exposure of the cell to an ini-
tiator agent [158]. Furthermore, these substances may
indirectly cause damages in DNA by oxidation pro-
cesses. In the past, these events were believed to be deter-
mined by epigenetic mechanisms, whereas, today, they
have been largely associated with genetic alterations
[159]. There are two classes of promoters: (1) specific
promoters which bind to receptors on the cell surface of
target cells in order to modulate intracellular signaling
pathways promoting cell proliferation, and (2) non-
specific promoters which modify gene expression with-
out the involvement of a specific receptor [160].
Promoters do not necessarily give rise to cancer but slow
the usual inhibition of the quiescent cells or in G by gap
junctions and promote the clonal expansion of initiated
cells, finally determining malignancy. Indeed, only cells
undifferentiated, escaped from apoptosis and induced to
divide, have been shown to have potential to give rise to
tumor. Tumor development has been shown to be
dependent on the exposure time and promoter dose with
well-defined threshold and maximum effect, because
tumor growth is not promoted at very low concentra-
tions, and cancer risk is not greater at very high doses
[161, 162]. However, studies concerning the chemical
carcinogenesis showed that high concentrations of pro-
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moter agents (e.g., phenobarbital, benzene, asbestos,
arsenic, etc.) and prolonged exposure may induce cancer
without initiation. A hypothesis aimed to explain this
contradiction suggests that this phenomenon could
occur because of initiated cells arisen spontaneously fol-
lowing an indirect effect of promoter which, by enhanc-
ing the rate of cellular divisions, promotes the occurrence
of DNA replication errors [146]. A regression of cell
proliferation, probably favored by apoptosis, may be
observed after removal of promoter agent, making the
promotion a reversible stage. Physiological factors may
modulate this stage, restricting the grade of experimen-
tal carcinogenesis [163]. Like initiation stage, the promo-
tion may be prevented through the protection of healthy
cells to exposure of several substances and risk factors,
such as tobacco, alcohol, high-fat diet, viruses, inflam-
matory states, etc. [152]. The general properties of the
promoter agents are summarized in @ Table 2.1.

The progression, the most extended stage of carcino-
genesis, describes the sequence of the consecutive trans-
formations from pre-neoplastic or benign lesions,
developed between initiation and promotion, to a neo-
plasm and to malignancy [164, 165]. This last phase,
characterized by irreversibility and genetic instability,
involves the acquisition by cells of autonomous and
uncontrolled proliferative properties independent from
the presence of stimulus and local invasion, metastasis,
and loss of differentiation. Furthermore, changes in the
biochemical and metabolic pathways and in morpho-
logical features of cells characterize tumor progression
[166, 167]. The acquisition of a neoplastic phenotype
during the progression is preceded by the occurrence of
an angiogenic phenotype and is promoted by epigenetic
and genetic alterations [168]. In fact, changes in
karyotype, including aneuploidy, associated with
increased growth rate, invasiveness, and metastasis are
detected during progression, mostly in advanced tumors
[169, 170]. A selective advantage for growth or survival
of pre-neoplastic cells is provided not only by DNA
damage but also by the down-regulation of tumor-
suppressor genes, including 7P53 and RB, and up-regu-
lation of oncogenes, including myc, Ras, and Bcl-2
(8 Fig. 2.5). Pre-neoplastic cells show aberrant expres-
sion of growth factor receptors (e.g., epidermal growth
factor receptor, EGFR), altered signal transduction
pathways, deregulated cell cycle checkpoints, apoptosis
resistance, neoangiogenesis, etc. [163]. Tumor progres-
sion may be prevented through well-designed and accu-
rate screening programs of pre-cancerous lesions and
small tumors or through the use of adjuvant therapies in
patients who are very likely to develop metastases.

The development of tumor metastasis represents
not only the culminating part of the natural history of
cancer but is also responsible for the worse prognosis

and lethal effects of many cancers. Indeed, during
tumor progression, neoplastic cells lose their ability to
adhere to the tissues, and acquire an invasive potential,
detaching from the primary tumor and locally invading
the neighboring tissues [171, 172]. The detached neo-
plastic cells travel through the bloodstream and lym-
phatic system and, after extravasation, colonize other
tissues and organs distant from the primary tumor,
forming at first micrometastases and then macroscopic
secondary tumor lesions at these new sites. The main
steps of tumor metastasis process result to be common
to all cancers [173, 174]. Invasive tumors can be distin-
guished from in situ tumors on the basis of the infiltra-
tion or not of the basal membrane of the epithelium
[175]. The body regions less resistant and most suitable
to tumor invasion include nerve sheaths, organ cap-
sules, and small vessels, whereas those more resistant
are arteries, cartilage, nerves, and tendons. A typical
clinical symptom revealing the tumor invasion of the
vascular wall is represented by massive hemorrhagic
rupture. The invasion of the bone by cancer cells
destroys its structure, either by direct contact or by acti-
vation of surrounding osteoclasts, causing constant
and severe pain [176, 177].

Gene alterations and angiogenesis represent the driv-
ing forces underlying tumor metastasis. Angiogenesis is
an event that leads to the formation of new tumor-
associated vessels able to meet its nutritional needs.
Vascular endothelial growth factor (VEGF) and throm-
bospondin 1 (TSP-1) are significantly involved in angio-
genesisinduction and inhibition, respectively. Conditions
such as hypoxia up-regulate the VEGF expression, pro-
moting angiogenesis [178]. Among the main cell-to-cell
adhesion molecules involved in the development of
tumor metastasis, there are the cadherins, which exert a
suppressive function of the cell invasion processes. In
fact, for example, down-regulation of the E-cadherin
expression in extracellular matrix (ECM) was detected
during the onset of invasion and metastasis, whereas its
up-regulation opposes to these processes, favoring the
formation of adherent junctions with adjacent epithelial
cells [179-181].

Metastases detected at diagnosis are classified as
synchronous, whereas metastases identified during the
course of the disease, months or years after treatment of
the originating tumor, are defined as metachronous [182,
183]. Synchronous metastases are discovered at the same
time as the originating tumor, either because they show
clinical symptoms or because they are found during the
systematic check-up performed before any local therapy
[183, 184]. The treatment of the metastases is dependent
on their chronology. A delayed metastasis that occurs
long after treatment of the initial tumor may be unique
(without further microscopic metastases) and be treated
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O Fig.2.6 Functions of YAP
and TAZ in cancer cells and
TME

Tumor
initiation

locally, leading to prolonged survival. Therefore, local
treatment of the metastasis sometimes may lead to the
long-term complete clinical remission with good quality
of life [185].

Tumors are complex entities in which cancer cells are
only one of the components of a composite tumor tis-
sue. The other component, the tumor stroma, is made
up of an extracellular matrix and other cell types, includ-
ing cancer-associated fibroblasts (CAFs) and immune
cells, and creates multiple and bidirectional interactions
with cancer cells necessary for tumorigenesis. For exam-
ple, it has been found that in pancreatic cancer, the
stroma, which is the connective and fibrous tissue that
supports the tumor, seems to have a particularly relevant
role in tumor progression and response to therapy. The
molecular “players” of this tumor-stroma interaction
remain partially understood. An emerging role in the
tumor-stroma interplay is represented by two transcrip-
tion factors called YAP (“Yes-associated protein”) and
TAZ (“Transcriptional co-activator with PDZ-binding
motif”) [186, 187]. These molecules act within cancer
cells to orchestrate responses in stromal cells where they
trigger signals aimed at the cancer cell growth. YAP and
TAZ activation in cancer cells affects the characteristics
of the tumor stroma, by modifying the composition and
physical properties of the tumor extracellular matrix
through the secretion of the matrix components [188].
Recognizing YAP and TAZ as key elements in the net-
work of exchanged signals within the tumor microenvi-
ronment (TME) provides a new paradigm on the
molecular principles of tumor self-organization, prom-
ising to reveal new and several interactions so far little
understood [189]. The main functions played by YAP
and TAZ in cancer cells and TME are summarized in
the @ Fig. 2.6.
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2.5 Conclusions

During the last years, progress in biotechnology, genom-
ics, and molecular pathology determined improvements
in understanding of tumor biology, leading to the dis-
covery of several potential tumor biomarkers, suitable
for clinical use [190]. The identification and develop-
ment of molecular biomarkers in clinical oncology
(e.g., KRAS in colorectal cancer, BRAF in melanoma,
c-KIT and PDGFRA in gastrointestinal stromal tumor,
and EGFR in lung cancer) as well as the advent of the
immunotherapy have significantly modified the natural
history of many tumors [191-194].

Additional molecular studies on individual cancer
cells are needed to increase our knowledge about genetic
variability of single cells present in several tumors and
responsible for the complex question concerning cancer
clonal evolution during all stages of tumorigenesis. The
growing knowledge of the natural history of cancer and
specific hallmarks of its phases are increasingly leading
to the development of new and more specific strategies
of prevention and management of tumors.

Key Points

== Tumors are not uniform diseases, but heteroge-
neous entities;

== The variability observed within individual tumors,
known as intra-tumour heterogeneity, represents
the crucial step in cancer clonal evolution process;

= Two theoretical models are used to elucidate the
origin of tumor heterogeneity: clonal evolution
model and cancer stem cell hypothesis;
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= Most of tumors at the early stages of the disease
usually shows a single clonal origin;

= Tumorigenesis may be induced and driven by intra-
genic mutations called “driver gene” mutations;

== (Cancer is a systemic disease characterized by a
multistep process including rapid proliferation,
apoptosis inhibition, neoangiogenesis, local inva-
sion, and metastasis;

== The cancer clonal evolution model hypothesizes
that tumor progression and diversity are driven by
the genetic drift and natural selection;

= Tumor evolution can occur through four differ-
ent modalities: linear evolution, clonal separation,
clonal competion, and clonal cooperation;

== The factors responsible for the development of
cancer can be categorized into endogenous (or
genetic) and exogenous (or environmental);

== The natural history of cancer includes three major
step described during carcinogenesis: initiation,
promotion, and progression;

== Different agents involved in the natural history of
a tumor are classified into 1) incomplete carcino-
gens or initiators, 2) promoters, and 3) complete
carcinogens;

== The identification of molecular biomarkers in clin-
ical oncology as well as the advent of the immu-
notherapy have significantly modified the natural
history of many tumors.
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@ Learning Objectives

By the end of the chapter, the reader will

== Be familiar with the basic concepts of histopathol-
ogy of tumors

== Be able to recognize the hallmarks of malignant
tumors

== Be able to integrate acquired knowledge into clini-
cal practice

3.1 Definition

Neoplasia is an abnormal and uncontrolled cell growth;
a mass of tissue that derives from this uncontrolled
growth is termed neoplasm or tumor [1]. Cancer is the
term commonly used to indicate malignant neoplasms,
and the origin of the word dates back to the fourth cen-
tury BC, when Hippocrates used the terms “carcinos”
and “carcinoma” to describe non-ulcer-forming and
ulcer-forming tumors [2]. Cancer comes from the Greek
and Latin words referring to crab, because the swollen
veins or the spreading projections from a malignant
neoplasm looked like the limbs of a crab. The ability to
invade adjacent tissues or spread to distant sites is, in
fact, the leading feature that differentiates malignant
from benign tumor. Generally, the terms benign and
malignant refer to the clinical and biological behavior of
a neoplasm as well as some specific morphological fea-
tures. However, morphology does not always correlate
with clinical course, i.e., meningiomas, benign tumors of
meninges, may have malignant presentations and be
lethal, depending on the size and location. Conversely
basal cell carcinoma, a malignant skin tumor, is slow
growing and locally aggressive but rarely metastasizes.
Benign and malignant tumor can be differentiated
according to some main morphological features:
= Differentiation
= Modality of growth
== Rate of growth
= Metastasis

Differentiation describes the processes by which imma-
ture cells become mature, with specific functions [1]. As
far as tumor cells, the term refers to how much the neo-
plastic population resembles the normal tissue: benign
neoplasms are usually well-differentiated, whereas
malignant neoplasm can range from well- to poorly dif-
ferentiated.

3.2 Benign Neoplasms

The distinctive features of benign neoplasm are the lack
of invasion of the surrounding tissues and the absence
of metastases. As far as the modalities of growth are

B Fig.3.1 Example of benign exophytic growth in hollow organs:
adenomatous colonic polyp

O Fig.3.2 Follicular adenoma of the thyroid: the benign neoplastic
nodule is demarcated from the adjacent parenchyma by a thin, intact
fibrous capsule

concerned, they have an expansive growth pattern in
parenchymatous organs and an exophytic growth in hol-
low organs (B Fig. 3.1). The formation of a connective
tissue capsule may be observed, as a consequence of the
compression atrophy of surrounding normal tissues
(B Fig. 3.2). Benign neoplasms are well-differentiated
and closely resembling the corresponding cells of nor-
mal tissue they derive from; they have generally a slow
growth rate, with a low number of mitosis (B Table 3.1).

3.3 Malignant Neoplasms

Malignant neoplasms have the capability to invade and
destroy surrounding tissue and metastasize to distant
tissues [3, 4]. The diagnosis of malignancy is based on
the assessment of various histopathological hallmarks
(8 Table 3.1).
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Modality of growth: The growth is usually chaotic
and disorganized, with loss of polarity of tumor cells
compared to the organization of the normal tissue of
origin. The growth is characterized by the tendency to
tissue invasion, with an infiltrative growth pattern in
parenchymatous organs (B Fig. 3.3); in hollow organs
malignant neoplasms have the appearance of infiltrative
plaques or ulcerative lesions (B Fig. 3.4). Blood vessels
are an essential component of neoplastic tissue, as they
provide metabolic means and routes for metastatic
expansion; tumor vessels tend to form tortuous net-
works with irregular branching patterns [5]. If neoplas-

D Table 3.1 Histopathological features of benign and
malignant tumors

Feature Benign Malignant
Differentiation Well- Well- to poorly
differentiated differentiated
Growth pattern Expansive Infiltrative
Growth rate Slow Rapid
Invasion Absent Present
Metastasis Absent Present
Necrosis Absent Present
Pleomorphism Usually absent  Often present
Anisonucleosis Absent Often present
Nuclear- Normal Increased
cytoplasmic ratio
Hyperchromasia Absent Often present
Nucleoli Not prominent  Prominent
Mitosis Rare Increased, atypical

O Fig.3.3 Breast carcinoma:
the growth of malignant tumor
is characterized by the tendency
to tissue invasion, with an
infiltrative growth pattern in
parenchymatous organs. Note
the infiltration into breast
adipose tissue
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tic expansion is massive and fast, blood supply may be
insufficient and central areas may undergo ischemic
necrosis (B Fig. 3.5).

Differentiation: Lack of differentiation is a distinc-
tive feature of malignant neoplasms that can range from
well- to moderately and poorly differentiated; undiffer-
entiated tumors are defined “anaplastic” (anapla-
sia = loss of differentiation). Pleomorphism is a
distinguish feature of lack of differentiation that con-
sists in variation of shape and size of both cells and
nuclei; anisonucleosis is the specific term to indicate the
nuclei shape and size variation (B Fig. 3.6).

Characteristically, nuclear size is increased but
undifferentiated malignant cells may have a small
appearance (i.e., malignant small round cell tumors)
[6]; however, in both cases nuclear-cytoplasmic ratio
(N-C ratio) is increased. Marked pleomorphism can

O Fig. 3.4 Colorectal adenocarcinomas may have the appearance
of infiltrative, ulcerated plaque
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O Fig. 3.5 Insufficient blood
supply may cause ischemic
necrosis of neoplastic central
areas: a malignant neoplasm
with a glandular growth pattern
(on the left) and a large necrotic
area (on the right)

O Fig.3.6 Pleomorphism and
anisonucleosis in a malignant
tumor: note the variation of
shape and size of cells and
nuclei

lead anaplastic cells to assume the appearance of
tumor giant cells, featured by the presence of a single,
huge nucleus or multiple, bizarre nuclei (B Fig. 3.7).
Nuclear morphology is altered even with regard to
nuclear chromasy: increased nuclear DNA content,
resulting in a dark staining on hematoxylin and eosin
(H&E) slides, is termed hyperchromasia. Otherwise
chromatin may be coarse and clumped and distrib-
uted along the nuclear membrane (B Fig. 3.8).
Prominent, single or multiple nucleoli are usually
present in malignant cells. Some types of cancer have
hallmark nuclear alterations, i.e., papillary thyroid
carcinoma (PTC) shows pale nuclei with powdery
chromatin (“Orphan Annie” nuclei) and longitudinal
nuclear grooves and intranuclear cytoplasmic inclu-

sion, both expressions of the membrane irregularity
(8 Fig. 3.9).

Mitotic activity: A high mitotic rate is a common fea-
ture of benign and malignant tumors, but also of hyper-
plasia, and reflects the higher proliferative activity of a
cell population. Instead, the presence of atypical mitosis
is a hallmark of malignancy. Normally, mitotic cell divi-
sion occurs in a bipolar manner; however, in cancer cells,
an excessive number of centrosomes may cause creation
of supernumerary spindle poles [7, 8], which can result
in multipolar mitosis (tripolar, quadripolar, bizarre
mitotic figures) (B Figs. 3.10 and 3.11). In several can-
cer types, the tumor mitotic rate is a significant indepen-
dent prognostic factor (i.e., melanoma, neuroendocrine
tumors) [9, 10].
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O Fig.3.7 Anaplastic tumor: malignant cells may assume the appearance of bizarre giant cells a. Tumor giant cells can be characterized by
presence of multiple nuclei b or a single huge nucleus ¢

O Fig.3.8 Alteration of nuclear chromasy in malignant tumor: chromatin may be coarse, clumped, and distributed along the nuclear mem-
brane, giving a pale appearance to the nucleus a or darkly stained, giving hyperchromasia to the nucleus b

3.4 Dysplasia

The term dysplasia refers to an anomaly of growth
and differentiation, typically in epithelia. Dysplasia is
characterized by some pathological microscopic fea-
tures, namely, increase in thickness, architectural dis-
order, pleomorphism, nuclear enlargement with
hyperchromasia, and presence of increased number
of mitoses; mitoses are also present in abnormal loca-

tions and may be observed in superficial layer rather
than exclusively in the basal epithelial zone [11].
These architectural and cytological atypia do not
exceed basement membrane but represent a predispo-
sition for progression to invasive neoplasia: dysplasia
is a preneoplastic lesion. However, the progression to
cancer is not changeless, and mild and moderate dys-
plasia may be reversible by removing the triggering
cause [12].
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O Fig. 3.9 Nuclear hallmarks of papillary thyroid carcinoma: note pale nuclei with powdery chromatin (“Orphan Annie” nuclei) a, intra-
nuclear cytoplasmic inclusion (b, arrow), and longitudinal nuclear grooves (¢, arrow)

STE

B Fig. 3.10 In poorly differentiated malignant neoplasms, an increase in the number of mitoses can be observed, even with an atypical
appearance, such as quadripolar (A) or bizarre (B) mitotic figures

O Fig.3.11 The Gleason grading system is based on the assessment of glandular differentiation: compared to the normal prostatic tissue
a, neoplastic glands are typically smaller and more packed b
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Dysplasia is generally graded as “mild,” “moderate,”
and “severe,” depending on the extent and severity of
morphological changes, and these criteria are generally
applicable to the epithelia of all districts:

Mild dysplasia: This is characterized by proliferation
of basal and parabasal cells limited to the lower third of
the epithelium. Cytological and architectural atypia are
minimal and mitoses are not prominent.

Moderate dysplasia: This involves the lower half of
the epithelium with loss of basal polarity; stratification
and maturation are preserved. The cytological changes
are more prominent and increased; atypical mitoses may
be present in the basal layers.

Severe dysplasia: Architectural and cytological
changes can be very prominent, extending from the
basal layer into the upper third of the epithelium.
Suprabasal layer mitoses are usually present, even fea-
turing atypical mitotic figures.

Carcinoma in situ is defined as severe dysplasia involv-
ing the entire thickness of the epithelium but being still
confined to the normal tissue. The invasion of basement
membrane defines the lesion as invasive carcinoma.

3.5 Grading

Pathological grading is a qualitative assessment that
refers to the degree of differentiation of tumor cells and
expresses it through a score. The most common grading
system uses a four-grade score, depending on the degree
of anaplasia: grade 1 tumors are well-differentiated and,
although atypical, neoplastic cells resemble parent tissue.
Conversely, grade 4 tumors are so anaplastic that even
the recognition of their cell of origin becomes difficult;
grade 2 and 3 tumors have intermediate features [13].

For many cancer types, site-specific grading systems
are used, based on different pathological features.

O Fig.3.12 Breast ductal
carcinoma grade 1 s.
Nottingham Histologic
Score system: evident
glandular formation, bland
nuclear atypia, and low
mitotic rate
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Prostate cancer: The most widely used grading
scheme worldwide is the Gleason system [14, 15]. The
Gleason grading system is based on the histologic pat-
tern of arrangement of carcinoma cells in H&E-stained
prostatic tissue sections. The method assesses the glan-
dular differentiation (neoplastic glands are typically
smaller and more packed than benign glans)
(B Fig. 3.12) and the histologic pattern of growth of
the tumor in the prostatic stroma, assigning a grade pat-
tern from 1 to 5:

Gleason pattern 1: very well-differentiated growth of
closely packed but separate, uniform, rounded to oval,
medium-sized acini.

Gleason pattern 2: increase in variability in gland
size and shape. The glands are not as circumscribed as
pattern 1.

Gleason pattern 3: well-formed, individual glands of
various sizes, including branching glands.

Gleason pattern 4: includes poorly formed, fused,
and cribriform glands.

Gleason pattern 5: individual cells and cords or
sheets of cells; solid nests of cells with occasional gland
space formation are observed. Necrosis may be present.

The primary grade pattern (the most common seen
in the tumor) and the secondary grade pattern are used
to generate a histologic score, which can range from 2 to
10; each score falls into prognostically relevant Grade
Groups.

Breast cancer: The most common grading system for
breast cancer is the Nottingham Histologic Score sys-
tem (Elston-Ellis modification of Scarff-Bloom-
Richardson grading system) [16]. This method evaluates
three morphological features (B Fig. 3.13):
= Amount of gland formation
== Nuclear features (variation in size and shape,

chromatin appearance)
= Mitotic activity

; ‘ -'g'_-. 2, f ¥
1) e p e
" d £x

-

2N e
LA TN g S Sl
= o/ % !:_r'"': :
4/ SR

o K lj'f:ﬂ"




40 G. Troncone and E. Vigliar

Each of these features is scored from 1 to 3, and then
each score is added to give a final total score ranging
from 3 to 9. The final total score is used to determine the
grade:

== Grade 1: score of 3-5

== Grade 2: score of 6-7

== Grade 3: score of 8-9

Malignant neoplasms are often characterized by mor-
phological and phenotypic tumor heterogeneity, and
then areas with different grade of differentiation may be
present; if there is evidence of heterogeneity, the highest
grade must be considered and reported.

The prognostic impact of grading is noticeable for
some tumors [14, 17, 18] (i.e., sarcoma, breast and pros-
tate carcinoma), but generally there is no direct correla-
tion between pathological grading and clinical behavior.

3.6 Staging

Stage refers to the extent of cancer in the body and is a
fundamental prognostic factor, which affects the thera-
peutic approach. Among the various existing cancer
staging systems, the most clinically exploited is the
tumor (T), node (N), and metastasis (M) staging system,
developed by AJCC (American Joint Committee on
Cancer) and UICC (Union for International Cancer
Control) [19]. The AJCC TNM staging system provides
both clinical and pathological assessment of tumor
extension: the clinical stage (cTNM) is based on physi-
cal examination and imaging study information (ultra-
sound, computed tomography, magnetic resonance,
positron emission tomography, etc.) and is integrated
and/or modified by pathological evaluation of the
resected specimens (pTNM). In the pTNM assessment:
== The T refers to the size and extent of the main tumor,
measured to the nearest whole millimeter; size may
be adjusted based on microscopic examination. pTis
is assigned to in situ neoplasia identified by micro-
scopically examination of a surgical resection .
== The N refers to the number of nearby involved lymph
nodes. Microscopic assessment of a node may be
performed by fine needle cytology (FNC), core
biopsy, excisional biopsy, and regional lymph node
dissection. Many cancer types have specific
recommendation regarding the minimum number of
lymph node to be evaluated to provide prognostic
information (i.e., colon cancer).
== The M refers to the presence of distant metastases,
spatially separated from the tumor. Direct extension
of a primary tumor into a contiguous organ is
classified as part of the tumor and not as metastasis.

An example of specific staging system for a single neo-
plasm is represented by the Ann Arbor staging system
[20] for Hodgkin lymphoma (HL): the stage is mainly
determined by location of the tumor (single or multiple
regions, both sides of the diaphragm, extralymphatic
organ involvement) and presence of constitutional
symptoms. Other pathological features considered are
the extension from the lymph node to adjacent tissue
and presence of lesions >10 cm in diameter (“bulky”
lesion).

3.7 Conclusion

The terms benign and malignant tumor refer to the clin-
ical and biological behavior of a neoplasm as well as
some specific morphological features including differen-
tiation, modality, and rate of growth and metastatic
capability. Fundamental prognostic factors are the qual-
itative assessment of the degree of differentiation of
malignant tumor cells (grading) and the extent of cancer
in the body (staging). Histopathological features of
tumor should be integrated with physical examination
and imaging study information for an accurate diagno-
sis and a proper patient management.

Summary of Clinical Recommendations

== Histopathological features of tumor should be
integrated with clinical and imaging data for an
accurate diagnosis and a proper patient manage-
ment.

== The pathologist’s decision-making process should
be guided by evidence-based guidelines and con-
sensus recommendations.

== The College of American Pathologists (CAP) pro-
vides guidelines for collecting the essential data ele-
ments for complete reporting of malignant tumors
(Cancer Protocol Templates).

Key points

== Benign and malignant tumor can be differentiated
according to differentiation, modality of growth,
rate of growth, and metastatic capability.

== Malignant neoplasms have the capability to invade
and destroy surrounding tissue and metastasize to
distant sites.

== Histopathological features of tumor should be
integrated with clinical and imaging data for an
accurate diagnosis and a proper patient
management.
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@ Learning Objectives

By the end of the chapter the reader will:

== Have understood the basic concepts of using bio-
markers

= Be able to discriminate between different types of
biomarkers

== Have reached a good knowledge in the role of the
most important biomarkers

= Be able to put into clinical practice the acquired
knowledge in biomarkers

4.1 Introduction

In the era of personalized medicine, biomarkers repre-
sent an irreplaceable tool for cancer screening, diagno-
sis, and management. Even though only a minority has
yet entered clinical practice, the list of potentially reli-
able molecular biomarkers grows longer every day.

In 1993, World Health Organizations (WHO) stated
that a definition of biomarker can include “almost any
measurement reflecting an interaction between a bio-
logical system and a potential hazard, which may be
chemical, physical, or biological. The measured response
may be functional and physiological, biochemical at the
cellular level, or a molecular interaction,” while in 1998
the National Institutes of Health Biomarkers Definitions
Working Group defined a biomarker as “a characteristic
that is objectively measured and evaluated as an indica-
tor of normal biological processes, pathogenic pro-
cesses, or pharmacologic responses to a therapeutic
intervention.” In 2001, the International Program on
Chemical Safety considered one more definition of bio-
marker: “any substance, structure, or process that can be
measured in the body or its products and influence or
predict the incidence of outcome or disease.”

In oncology, biomarkers play an important role in
both the detection and management of patients affected
by different types of cancers [1]. Any biological signal
that can be linked to a neoplasm could be considered a
biomarker, although this widely unspecific definition
could refer to many different and heterogeneous classes
of biological markers. In clinical practice, the term
“oncological biomarker” is usually referred only to
those molecules that are expressed or produced by either
tumor cells or the surrounding microenvironment and
play an important role in regulating disease progression.

Blood represents an extremely informative window
to assess multi-organ biological responses to environ-
mental stimulations and to detect specific markers asso-
ciated with the development of the disease: it comes in
contact with every organ in the body to convey informa-
tion, deliver nutrients, carry waste, and survey the
homeostatic status of tissues. So far, evaluation of new
biomarkers from the peripheral blood has surprisingly

proven to be harder than expected: this may be due to
the limited presence of most of them, their high molecu-
lar complexity and instability, and the diverse origin of
biomolecules in different organs and cell types.

Historically, oncological therapy has been empiri-
cally based on the histological features of the tumor, on
the clinical experience of the physicians, and on the pub-
lished literature.

With the diffusion of evidence-based medicine and
the development of new drugs and therapeutic sched-
ules, the clinical need of identifying outcomes to be used
in large clinical trials has become compelling. However,
since the 1980s the use of biomarkers as surrogate out-
comes in large trials of major diseases, such as cancer
and heart disease, has been widely discussed [2, 3].

Furthermore, other perspectives have been recently
emerged on the usefulness of biomarkers. The oncolog-
ical research has led to a very deep knowledge of cancer
cells and their regulatory mechanisms, allowing to iden-
tify several pathways and driving mutations that play
important roles in the cancer pathogenesis (B Fig. 4.1).
Thus, it is nowadays feasible to study the efficacy of a
new drug not on the basis of the originating tumor tis-
sue histology but on the basis of the molecular bio-
markers and gene mutations expressed in a variety of
tumor types.

The discovery of new biomarkers enabled physicians
to switch from empirical therapy to a personalized med-
icine (so-called precision medicine), with drugs acting
against specific biomolecular targets (B Fig. 4.2).
Biomarkers allow to identify the molecular profile of the
disease, helping clinicians to select those patients that
can mostly benefit from specific therapies.

The huge variety of blood tumor markers includes
the wide range of biomarkers spanning from the basic
changes of blood tests to the detection of plasma levels
of both circulating tumor cells (CTC) and circulating
tumor DNA (ctDNA) as well as the diagnostic relevance
of circulating miRNAs [4].

The determination of validity and relevance is neces-
sary to consider biomarkers useful into the clinical prac-
tice (B Fig. 4.3).
== Validity can be divided in:

Analytical validity: the ability, inherent to the
methodic, to accurately, reproducibly, and reli-
ably measure the biomarker as an objective and
quantifiable value
Clinical validity: the test’s ability to predict or
evaluate the evidence of the disease (or a clini-
cally relevant tumor feature)
== Clinical utility: likelihood to improve a clinical out-
come by using the test, based on the level of clinical
evidence provided by literature and guidelines; it rep-
resents the ability to improve, i.e., overall survival or
disease free survival.
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Lung Cancer:
- EGFR

- ALK

- ROS-1

- PDL-1

Melanoma:
- PDL-1
- BRAF

Colorectal Cancer:
- RAS

- BRAF

- MMR genes

- CEA

Ovarian Cancer:
- CA125
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O Fig.4.2 Oncology has shifted from empirical therapy to person-
alized therapy

Biomarkers can be divided in five categories (B Figs. 4.4,

and 4.5):

== Risk markers: evaluate the risk of developing cancer
in high-risk healthy subjects.

== Prognostic markers: able to stratify patients in
different risk classes according to a specific outcome.

== Predictive markers: provide data on the sensibility or
resistance of the tumor to a specific therapy.
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Breast Cancer:
- ER

- PgR

- Her2

- CA15.3

Pancreatic Cancer:
- Cal9.9

Prostate Cancer:
- PSA

Examples of the most relevant biomarkers used in today’s clinical practice, according to the primary sites of cancers

== Surrogate markers: assess the activity or efficacy of
the treatment.

== Diagnostic markers: usually employed in screening
programs or supporting diagnostic exams.

A new group of biomarkers whose use is increasingly
emerging in clinical practice are agnostic biomarkers.
According to NIH, tumor-agnostic therapy can be
defined as “A type of therapy that uses drugs or other
substances to treat cancer based on the cancer’s genetic
and molecular features without regard to the cancer
type or where the cancer started in the body. Tumor-
agnostic therapy uses the same drug to treat all cancer
types that have the genetic mutation (change) or bio-
marker that is targeted by the drug” (» https://www.
cancer.gov/publications/dictionaries/cancer-terms/
def/796871). Traditional oncology follows an estab-
lished paradigm, utilizing a specific drug in individual
tumor types that have shown to be sensitive to it during
randomized clinical trials (RCT). Biomarkers are usu-
ally seen as a way to further select patients and to define
subgroups more sensitive to the treatment [5]. The recent
development of new technologies (i.e., high-throughput
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O Fig.4.3 Main features of a reliable and well-performing biomarker
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O Fig.4.4 Types of biomarkers and their use in oncology

next-generation sequencing, NGS), together with the
improvements in our knowledge in genomics, has led to
a rapid change in the approach to the oncological treat-
ment and an evolution in the concept of “precision med-
icine.” The new paradigm of mutational oncology
recognizes the relevance and importance of histological
and morphological characterization of the tumor but
aims to guide the drug selection on the basis of genetic
profiling and of actionable mutations found, indepen-
dently of the tumor histology. This has led to a new kind
of drug approval, defined as “agnostic approval”: the
drug can be administered in every patient in which the
specific actionable mutation can be found, independently
of tumor histology [6].

|| |

Ability to accurately and reliably measure
the biomarker as a quantifiable
characteristic

Ability of a biomarker to predict or evaluate

the presence of a tumor (or of a clinically
relevant feature of the tumor)

Likelihood to improve a clinical
outcome by using the test,
based on the level of clinical evidence

The first drug to receive tumor-agnostic approval was
pembrolizumab in May 2017 when FDA granted accel-
erated approval for the treatment of adult and pediatric
patients with unresectable or metastatic, microsatellite
instability-high (MSI-H) or dMMR solid tumor [7].
Subsequently, larotrectinib and entrectinib, tyrosine
kinase inhibitors targeting the tropomyosin receptor
kinase (TRK) proteins (encoded by the neurotrophic
tyrosine receptor kinase genes NTRK), become the sec-
ond and third drug to receive tumor-agnostic FDA
approval, respectively, in November 2018 and in 2019 [6].

These drugs are approved for patients with NTRK-
positive advanced solid tumors [8-10]. Usually RCT
enroll patients on the basis of tumor histology, but the
evolution in tumor genomics have changed also our
approach to clinical trials design too, aiming to allow
the selection of treatment based on specific molecular
biomarkers. With the growth of the number of known
actionable mutations, we are discovering that the same
genomic alterations can occur across various tumor
types, albeit at low frequencies. For this reason Basket
trials have been implemented: in this kind of trial eligi-
bility is based on the presence of a specific genomic
alteration, irrespectively of tumor histology [11].

4.2 Diagnostic Markers

A diagnostic biomarker is a factor that contributes,
together with other tools (such as imaging techniques),
to the oncological diagnosis, allowing to obtain an ear-
lier and more precise characterization of the disease,
and to better assess its aggressiveness and staging.

In recent years, the development of new technologies
along with new laboratory techniques and progresses in
basic, translational, and clinical research has opened
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new scenarios for cancer diagnosis: understanding the
molecular bases of cancer pathogenesis has significantly
improved and consequently been translated into clinical
practice (B Fig. 4.6). During the development and evo-
lution of a cancer cell, several molecular alterations
occur, including DNA, mRNA, miRNA, and proteomic
alterations. These aberrations can vary not only accord-
ing to the tumor origins but also to its degree of differen-
tiation and metastatic propensity. Current methodologies
for cancer diagnosis have incorporated these molecular
changes into the cancer diagnostic realm, bringing to the
so-called “omic” revolution: (whole) genome (WGS),
exome (WES), methylome, transcriptome (including the
miRnome), microbiome, metabolome, proteome, and
topome, and the development of a new field called
“molecular onco-diagnostics” [12, 13]. To date, a
paradigm shift has occurred, and cancer diagnosis is no
longer based only on morphological and histological
parameters. New biomolecular platforms are now avail-

Multigene panels
5-200 genes

Medical Exome
1000-4000 genes

able for clinical use in cancer diagnosis, such as qualita-
tive PCR-ARMS and RFLP, real-time PCR-TaqgMan
assays, nested PCR, FISH, capillary electrophoresis,
sequencing/pyrosequencing, sequenom, targeted gene
panel sequencing, and microarrays [14]. As a matter of
fact, today molecular and biological analyses can help
improving diagnostic capabilities leading to an earlier
and more accurate diagnosis. Molecular alterations
detected by the recently developed high-throughput
technologies have become an integral part of the diag-
nostic armamentarium for the ultimate patients’ benefit
[15]. Both genetic and epigenetic alterations have been
considered as good markers for the detection of ctDNA,
while molecular and genetic panels can supply specific
biological patterns of different cancers, providing a so-
called signature for a specific tumor [16, 17].

Several circulating proteins represent potential diag-
nostic biomarkers in solid tumors, eventually with prog-
nostic implications as discussed below. Nevertheless,
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D Table 4.1 Circulating diagnostic biomarkers

Markers Characteristics Tumors

AFP Glycoprotein Hepatocarcinoma, embryonal carcinoma, yolk sac tumor,
(alpha-feto-protein) teratoma, mixed germ cell tumor

B-hCG Glycoprotein Embryonal carcinoma, choriocarcinoma, seminoma
H horioni

(Human ¢ OTOe Hydatidiform mole

gonadotropin)

CA15-3 Soluble form of mucinous Breast

(Cancer antigen 15-3) transmembrane glycoprotein MUC-1

CA19-9 Soluble form of mucinous Colorectal, stomach, pancreas, biliary tract
(Carbohydrate antigen transmembrane glycoprotein

19-9)

CA125 Soluble form of mucinous Epithelial ovarian, endometrial, cervical
(Carbohydrate antigen transmembrane glycoprotein MUC16

125)

CEA Transmembrane glycoprotein Colorectal, breast, cholangiocarcinoma, ovary, pancreas
(Carcinoembryonic

antigen)

Chromogranin A Glycoprotein Neuroendocrine

HE4 Glycoprotein Epithelial ovarian

(Human epididymis 1 cell 1 cell

protein 4) Lung (non-small cell, small cell)

NSE Glycolytic enzyme Neuroendocrine

(Neuronal specific

enzyme)

PSA Glycoprotein Prostate

(Prostatic specific antigen)

their role is often controversial, and only a limited few
should be used as a decision-making tool in clinical
practice. Hence, we will extensively discuss only CA125
and prostate-specific antigen (PSA) for their preeminent
role in ovarian and prostate cancer management, respec-
tively. The other main circulating biomarkers and their
characteristics are listed in @ Table 4.1.

CA125 (also known as MUC16) is a member of the
mucin family, a group of proteins generally located on
the surface of epithelial layers where they form a protec-
tive barrier against pathogens. In clinical practice,
CA125 is useful for the management of epithelial ovar-
ian cancer. In healthy women, CA125 serum levels are
usually <35 U/ml. However, CA125 elevations may be
found in nonmalignant conditions such as the follicular
phase of the menstrual cycle, pelvic inflammatory
disease, and liver disease (hepatitis or cirrhosis) [18].
Furthermore, increased CA125 values have also been
reported in patients with non-ovarian malignancies,
which include lung, breast, stomach, pancreatic, and
colorectal cancers. Therefore, increasing CA125 levels
may generate false positive results. CA125 displays lim-
ited sensitivity in detecting early ovarian cancer (OC) as

serum levels increase in only 50% of patients with early
stage disease [19]. Therefore, CA125 is not currently
recommended for OC screening. However, CA125 levels
may reflect the tumor burden. Hence, this biomarker
may ascertain if patients receiving neoadjuvant chemo-
therapy (NAC) have achieved an optimal disease reduc-
tion or if they should be spared a futile surgical
procedure. An initial meta-analysis evaluating the per-
formance of preoperative CA125 in predicting adequate
cytoreduction rates failed to demonstrate CAI125
efficacy in advanced OC [20]. However, in a later study,
Kang and colleagues showed that in patients with
CA125 >2000 U/mL, the use of NAC followed by inter-
val debulking surgery led to higher PFS than primary
surgery (HR 0.5, CI 0.2-0.96; p = 0.004). While confir-
mation by additional studies is urgently needed, this
result suggests that preoperative CA125 may be useful
to guide physicians toward the most appropriate thera-
peutic approach (surgery or NAC) for OC.
Perioperative changes in CA125 have also been evalu-
ated as a potential prognostic marker after optimal
surgical debulking (<1 cm residual tumor). Chi et al. [21]
demonstrated that perioperative changes in serum
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CA125 may be associated with the risk of relapse in opti-
mally resected stage IIIC patients as subjects with a
“high decline” (>80%) in CA125 were at a lower risk of
recurrence than those with inferior reductions or experi-
encing an increase in CA125 levels. As surgical removal
of the primary tumor results in a rapid drop of CA125,
complete biochemical remission (i.e., normalization of
CA125 values) is the expected goal of any primary treat-
ment (surgery with or without postoperative chemother-
apy). Hence, the potential prognostic value of measuring
the biomarker’s nadir as suggested in a study by Van
Altena and colleagues [22] that enrolled 331 OC patients
with abnormal CA125 (>35 U/mL). The authors evalu-
ated the CA 125 nadir 1 month after surgery (in individu-
als receiving no chemotherapy) or 1 month after last
drug infusion (in individuals subjected to chemother-
apy). They found that a CA125 nadir >5 U/mL was asso-
ciated with a higher risk of disease progression (HR =1.5;
95% CI 1.0-2.3) [22]. In summary, CA125 is useful in the
clinical management of epithelial OC in the diagnostic
phase (but not for screening purposes) and may also be
employed during therapeutic monitoring (prognostic
and predictive value) and patient follow-up [23].

PSA, also known as human Kkallikrein 3, is an
androgen-induced glycoprotein (its transcription is
enhanced by the activated androgen), mainly produced by
luminal prostate epithelial cells. Several conditions cause
elevation of serum PSA: physiological processes like ejac-
ulation or intense physical activity, diagnostic procedures
such as digital examination or biopsy, benign diseases
like hyperplasia and hypertrophy, prostatitis, or urinary
retention. Conversely, 5-alpha-reductase inhibitors (finas-
teride, dutasteride) can lower PSA serum concentrations
by approximately twofold [24]. To date, the role of PSA
measurement for prostate cancer (PC) screening remains
controversial. Two large studies and a Cochrane meta-
analysis failed to demonstrate a survival benefit for men
undergoing PSA screening showing increased overdiagno-
sis and overtreatment rates [25]. Hence, PSA should not
be routinely used for PC screening in the overall popula-
tion, as stated in the main international guidelines. Several
methodological approaches have been considered in order
to enhance PSA detection power. For example, in PC
free PSA (fPSA) levels decrease, whereas complexed PSA
increases, possibly because of impairment in PSA process-
ing in the neoplastic tissue. Consequently the ratio between
fPSA and total PSA (PSA index) is usually lower in PC
displaying a higher sensibility than total PSA. Dynamic
PSA measurements, such as PSA velocity and doubling
time, provide information concerning marker changes
over time. Nevertheless, their usefulness in early tumor
detection lacks proper validation.

PSA measurement exerts a major role in PC manage-
ment. Increases in PSA levels anticipate cancer relapse
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after surgery or definitive radiation therapy (RT), and no
recurrence occurs without PSA elevation. Therefore,
6-8 weeks after radical prostatectomy PSA should be
undetectable: levels >0.2 ng/mL, confirmed after 4 weeks,
define biochemical recurrence (BR). By the same token, a
PSA of 2 ng/mL above the nadir identifies BR after RT
(Phoenix criteria); alternatively, three consecutive increases
are needed (ASTRO definition) [26, 27].

PSA monitoring plays a major role during androgen
deprivation therapy since its levels correlate with treat-
ment responses. Thus, the deeper and faster is PSA
nadir, the longer is the expected response duration.
Moreover, disease progression is highly unlikely as long
as PSA nadir is maintained. PSA significance in
castration-resistant patients undergoing hormonal ther-
apies (abiraterone, enzalutamide) is still under investiga-
tion, though it seems to correlate with both response
and survival. Lastly, patients receiving chemotherapy
for metastatic castration-resistant PC may experience
PSA fluctuations, regardless of their treatment response:
up to 20% present an initial PSA elevation, without clin-
ical or radiological evidence of progression. However, a
PSA drop (especially >50%) usually correlates with
patient outcome [28].

4.3 Prognostic Markers

With the improvements of both surgical and clinical
therapies for oncological patients, and the increasing
survivals rates, it is crucial to eventually identify markers
that could predict tumor’s natural history and therefore
select those patients who would need a more aggressive
management.

The term “prognostic marker” refers to a factor (or
multiple factors) that allows to stratify patients in differ-
ent risk classes according to a specific clinical outcome,
such as tumor progression or death. Accordingly, such a
biomarker could significantly predict the natural history
of the disease either in those patients who have not
received any prior treatment or in those undergoing a
systemic therapy. In other words, a prognostic biomarker
is likely to inform about the disease outcome (e.g., dis-
ease recurrence, disease progression, death) irrespectively
of treatment approach (8 Fig. 4.7).

In untreated patients, prognostic biomarkers reflect
cancer biology, informing about disease outcomes; in
pre-treated patients, while the benefit is similar in both
biomarker-positive and biomarker-negative patients if
the treatment resulted to be effective, the presence or
absence of the biomarker may be still associated with a
different outcome.

The different natural history of every single risk class
could be visualized in a survival curve that shows how a
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prognostic biomarker might be able to stratify patients
affected by an early stage of disease.

Adjuvant therapy is one of the settings that would

benefit the most from the use of prognostic markers: the
clinical utility of a prognostic marker relies mainly on
the ability to select those patients who harbor a high risk
of relapsing disease after surgery and therefore could
mostly benefit from a postoperative treatment.

Examples of prognostic biomarkers are:

CA125 and PSA, as discussed above.

PIK3CA mutation status in women with HER2-
positive metastatic breast cancer undergoing first-line
therapy. In particular, women with tumors harboring
a PIK3CA mutation appeared to a have worse pro-
gression-free survival when compared to PIK3CA
wild-type patients. The PIK3CA mutation status is a
prognostic variable since women with tumors harbor-
ing PIK3CA mutations used to present with worse
prognosis regardless of treatment group [29].

BRAF mutations (mainly V600E), acting immedi-
ately downstream of KRAS and associated with a
relatively high frequency of microsatellite instability,
seemed to define a molecularly specific subset
(8-10%) of colorectal cancers, correlating with poor
survival rates and thereby emerging as a negative
prognostic marker [30]. In patients with CRC, a
BRAF V600E mutation is associated with poor
response and inferior survival to most systemic ther-
apies. Furthermore, this genetic alteration is associ-
ated with a distinct pattern of metastasis, with a
greater tendency to spread to the peritoneum and
lymph nodes, and a lower probability of lung
metastases [31].

YEARS

== Amplification of the human epidermal growth factor

receptor 2 (HER-2) gene has been regarded as a poor
prognostic criterion, appearing to be associated with
a more aggressive disease, poorer prognosis, and
shorter overall survival in 15-20% of all breast cancers
[32]. HER2 is a member of the tyrosine kinase
receptor family structurally related to the EGFR that
includes four members formerly known as ErbBl
(EGFR), ErbB2 (HER?2), ErbB3 (HER3), and ErbB4
(HER4) [33]. HER2 is expressed in several tissues (the
heart, breast, gastrointestinal tract, and kidney) where
it promotes cell proliferation while suppressing apop-
tosis. Unlike other HER family members, HER2
lacks a direct ligand as its activation relies on hetero-
dimerization with other HER proteins. After hetero-
dimerization, HER2 stabilizes the ligand-receptor
interaction thereby facilitating catalytic activation,
tyrosine phosphorylation of selected substrates, and
activation of downstream second messengers [34, 35].
Immunohistochemistry remains the “gold standard”
for the evaluation of HER2 status with fluorescent in
situ hybridization (FISH) employed to clarify cases
showing intermediate levels (i.e., 2+) of HER2 expres-
sion. An additional method for measuring HER2
gene expression is quantitative real-time PCR that is
characterized by high sensitivity and specificity yet is
not currently in use in clinical practice [36].
Amplification or mutation of the HER2 gene has
been reported in a number of cancers including breast
carcinomas (approximately 17%), glioblastoma (7%),
lung adenocarcinoma (4%), tumors of the gastro-
esophageal junction and the stomach (6-29%),
bladder cancer (9%), and colorectal cancer (7%).
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4.4 Predictive Markers

With the advent of targeted therapies, clinical research
has allowed to identify biological markers (B Fig. 4.8)
that could help to stratify patients according to the dif-
ferent benefit from a specific therapy. Drugs appeared
not to show the same effectiveness nor the same adverse
effects in all patients.

A predictive marker is a single factor (or a group of
factors) associated with a response to a specific interven-
tion. Additionally, predictive biomarkers can help clini-
cians to avoid the risk of drug-related toxicities,
maximizing patient’s benefit and minimizing the risk of
adverse events with a more appropriate and effective use
of drugs (B Fig. 4.9).

Albeit not apparently correlating with nor influenc-
ing the natural history of the disease, predictive factors
could stratify patients on the basis of the response to a
specific therapy (more commonly a targeted therapy),
assisting physicians in deciding which treatment would
fit the best to every patient (B Fig. 4.10).

The clinical utility of a predictive factor relies on the
possibility of choosing the most appropriate therapy for
each patient and, in particular, identifying those at high-
risk patients sensitive to both systemic and targeted
therapy, in order to (B Fig. 4.11):
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= Better select that fraction of patients who can benefit
from targeted therapy (sensitive patients), thus
achieving better outcomes and less toxicities while
increasing survival rates.

== Spare from unnecessary toxicities those patients with
drug-resistant micrometastases which would render
a specific treatment ineffective.

The use of biomarkers at first instance aims to optimize
the effectiveness of treatments, focusing the therapeutic
intervention on patients with a high probability of
obtaining a benefit. Secondly, the purpose of their clini-
cal use is to avoid treatment-related toxicity in patients
with a low probability of responding and to optimize
€CONomic resources.

So far, predictive biomarkers used to show not only a
positive but also a negative predictive role which would
relate to a low chance of response to certain therapies.
The effects of such biomarkers are synergic; therefore it
becomes crucial to study and exclude the presence of all
negative predictive markers related to that drug before
starting a new treatment approach.

In conclusion, a shift has occurred in the global
approach to new drugs in oncology: while drugs have
been previously administered in unselected patients eval-
uating the relationship among response and different

O Fig. 4.8 Simplified scheme of
the steps undertaken to identify
the presence of a predictive
marker and, subsequently, select
the right treatment
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O Fig.4.9 Differences between
prognostic and predictive
markers: while the former
assesses a disease outcome
irrespectively of treatment
approaches, the latter helps
stratifying patients according to
the different benefit from a
specific therapy
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predictors retrospectively, predictive factors are now
selected since the beginning of treatment searching for
genetic and molecular patterns in order to administer
specific and targeted drugs (B Figs. 4.12 and 4.13).

Due to the rapid progresses in cancer biology, in the
last decade, several molecular biomarkers have gained
clinical relevance and currently provide essential infor-
mation for the proper management of various cancer
types. Examples of the most relevant predictive bio-
markers in clinical practice need to be discussed:
== The anaplastic lymphoma kinase (ALK) gene was

initially described on chromosome 2 as a fusion part-

ner in the translocation found in anaplastic large cell
lymphoma [37]. In 2007, a novel ALK fusion with
the echinoderm microtubule-associated protein-like

4 (EML4) was reported as a somatic rearrangement

found in 6.7% of lung adenocarcinomas [38]. The

EMLA4-ALK fusion is generated by small inversions

within chromosome 2p that fuses differing portions

of the EML4 gene with part of ALK. This genetic
alteration is an important therapeutic target with

first-, second-, and third-generation tyrosine kinase
inhibitors (crizotinib, ceritinib, alectinib, brigatinib,
and lorlatinib) that have become available in clinical
practice. These drugs are active both as initial treat-
ment for ALK-addicted non-small cell lung cancer
(NSCLC) and in patients failing the compound
received in first line because of amplifications of the
ALK locus, mutations in the ALK kinase domain
(around 30%), or activation of “bypass” signaling
pathways [39, 40].

EGFR (epidermal growth factor receptor) is a
tyrosine kinase receptor (TKR) that binds multi-
ple ligands, thereby activating several downstream
pathways that regulate DNA synthesis and cell pro-
liferation. Somatic mutations in this gene, mainly
targeting exons 18-21, are detected in approxi-
mately 10-12% of non-Asian patients diagnosed
with lung adenocarcinoma. Mutations of the EGFR
gene are predictive of response to anti-EGFR
drugs such as erlotinib, gefitinib, osimertinib, and
afatinib that represent the standard of care for the
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first-line treatment of advanced NSCLC. The most
common and best-characterized EGFR mutations

tions [42]. Erlotinib, gefitinib, and afatinib are com-
petitive inhibitors of EGFR catalytic activity that

are in-frame deletions involving exon 19 — which
eliminate the conserved LREA motif (residues 747—
750) — and the exon 21 L858R substitutions. Taken
together, these two alterations constitute 80-90%
of all EGFR mutations [41]. The remaining 10%
of EGFR mutations appeared to harbor hetero-
geneous molecular alterations within exons 18-21
(so-called “uncommon” mutations) with clinically
variable responses to targeted drugs and shorter
survival rates when compared to classical muta-

currently represent the standard of care for the first-
line treatment of locally advanced or metastatic
NSCLC. However, after an initial response, patients
loose responsiveness to these drugs often because of
the development of the T790M mutation in exon 20
[43]. Recently, the third-generation tyrosine kinase
inhibitor (TKI) osimertinib targeting the T790M
mutation has become available in clinical practice,
showing high response and improved progression-
free survival [44].
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Programmed death ligand 1 (PD-L1). It is a mem-
brane bound protein comprising 290 amino acidic
residues with an extracellular region composed of an
IgV domain and an IgC2 domain. The former is
responsible for PD-L1 binding to the programmed
death 1 (PD-1) receptor (B Fig. 4.3). PD-L1 is
expressed on several immune cells including T lym-
phocytes, dendritic cells, natural killer cells, B cells,
and monocytes [45, 46]. In addition, PD-L1 can also
be found on epithelial cells, vascular endothelial cells,
and myeloid dendritic cells. The PD-L1/PD-1 path-
way downregulates the immune response, preventing
the inappropriate hyper-activation of the immune
system [47]. The PD-L1/PD-1 system plays a dual role
in cancer progression, as it can suppress tumor growth
eliminating cancer cells but can also promote neoplas-
tic growth eliciting immune tolerance mechanisms
versus cancer cells [48]. The availability of monoclonal
antibodies against PD-1 (pembrolizumab and
nivolumab) or PD-L1 (atezolizumab and durvalumab)
has generated unprecedented results in the treatment
of NSCLC, melanoma, and renal cancer and prom-
ises to provide additional clinical benefit in the
treatment of several other malignancies [49, 50].

RAS proteins are GTPases functioning as binary
switches, alternatively transducing downstream sig-
nals according to their activation state and favoring
cell survival, proliferation, and migration [51]. Three
different genes encode for four RAS isoforms: KRAS
(Kirsten rat sarcoma viral oncogene homolog) codi-
fies the KRAS4A and KRAS4B splicing variants,
whereas NRAS (neuroblastoma rat sarcoma viral
oncogene homolog) and HRAS (Harvey rat sarcoma
viral oncogene homolog) encode the two homony-
mous proteins [52]. RAS normally switches between
an active GTP-bound and an inactive GDP-bound
state: the shift from one condition to the other requires
additional proteins. Guanine nucleotide exchange
factors (GEFs) promote RAS activation catalyzing
GDP to GTP substitution. Conversely GTPase-
activating proteins (GAPs) lead to RAS inactivation
through GTP hydrolysis. When an upstream signal
(i.e., receptor tyrosine kinase activation) activates
RAS, several downstream phosphorylation cascades
are initiated. At least 11 RAS effectors families are
known, two of which are preeminent in mammalian
cells: (i) the rapidly accelerated fibrosarcoma (RAF)
family (ARAF, BRAF, CRAF) that activates the
MAP kinase pathway and (ii) the phosphatidylinosi-
tol 3 kinase (PI3K) promoting AKT/mToR signaling
[53]. Activating RAS mutations occur in almost 30%
of human cancers as single nucleotide substitutions.
Overall, KRAS mutations are most frequent (85%),
especially in pancreatic ductal adenocarcinoma

(PDAC), CRC, and NSCLC. Specifically, KRAS
activating mutations arise in 90% of PDACsS, repre-
senting a driver event in pancreatic tumorigenesis.
In CRC KRAS (42%) and, less frequently, NRAS
(9%) mutations are predictive of resistance to anti-
EGFR monoclonal antibodies (cetuximab, panitu-
mumab) [54]. Therefore, testing the abovementioned
alterations is mandatory in metastatic CRC patients.
Also, 15-25% of NSCLC harbor a KRAS oncogenic
mutation in exon 2 or 3. These alterations usually
occur in lung adenocarcinomas (more frequently
in smokers) and, while considered mutually exclu-
sive, can rarely coexist with EGFR mutations or
ALK rearrangements. Moreover, the recent discov-
ery of new highly selective KRAS inhibitors elicit-
ing partial responses in NSCLC patients in phase I
trials has provided a renewed opportunity to better
understand the role of this mutation as an onco-
genic driver [55]. In this setting, liquid biopsy proved
to represent a viable option to assess KRAS muta-
tional status on circulating tumor DNA [56], espe-
cially in the case of NSCLC tissue samples that are
not always available [57]. NRAS mutations are com-
mon in melanoma and have been described in 12%
of these tumors, whereas HRAS alterations are rare
(3%) and are mainly found in squamous head and
neck carcinomas [58]. Compared to BRAF mutant
melanomas, tumors with mutant NRAS are charac-
teristic of older patients, chronic ultraviolet exposure
and tend to be located at the extremities, presenting
a higher mitotic rate. Therefore, it is not surprising
that NRAS-mutated patients show inferior survival
rates [59].

BRAF-activating mutations are clearly the most
common oncogenic drivers in roughly half of all
melanomas resulting in high overall response rates
and frequently dramatic tumor regression in BRAF
inhibitor-treated patients [60]. Interestingly, BRAF
appeared to be significantly predictive of response in
cutaneous melanomas, as opposed to the negative
prognostic value demonstrated in colorectal cancers.
The BRAF gene encodes for a serine/threonine
kinase involved in the RAS/RAF/MEK/ERK signal-
ing pathway, which governs proliferation, differenti-
ation, and cell survival (B Fig. 4.1). It is estimated
that 8% of all tumors present mutations in the BRAF
gene, including 50% of melanomas, 40% of papillary
thyroid carcinomas, 30% of serous ovarian cancer,
10% of CRCs, and 2-3% of lung cancers [53, 61].
The most common BRAF alteration is the missense
mutation V600E that leads to a conformational
change resulting in constitutive activation of BRAF
kinase activity [31]. BRAF mutations have important
prognostic and therapeutic implications in patients
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with melanoma and CRC. Indeed, BRAF-directed
TKIs (BRAFi) such as vemurafenib and dabrafenib
were developed for unresectable or metastatic
melanoma demonstrating significant increases in
both objective response rate and PFS. However,
most patients eventually showed disease progression
because of loss of PTEN, loss of NFI1, or
amplification of cyclin D1 [62, 63]. To address these
issues, BRAFi have been combined with MEK
inhibitors (MEKi) further improving the efficacy of
the former drugs and leading to the approval of this
drug combination for the treatment of metastatic
melanoma displaying BRAF V600 mutations [64].
Accordingly, the combination of BRAFi dabrafenib
and the MEKi trametinib has been recently approved
for the treatment of advanced NSCLC patients
harboring BRAF V600 mutations, based on the
results of an open-label phase II trial [65].

HER?2 amplification is associated with aggressive
tumor behavior, reduced responses to traditional
therapies, and decreased survival [66, 67]; determining
HER?2 status is very important especially in breast,
gastroesophageal junction, and gastric malignancies
where HER2 amplification influences the therapeu-
tic strategy. Indeed, the introduction of trastuzumab
and pertuzumab (humanized HER2-targeting mono-
clonal antibodies) and the synthesis of trastuzumab
emtansine have revolutionized the treatment of
patients with HER2-positive breast cancer generat-
ing consistent improvements in overall survival [68,
69]. Likewise, patients with HER2-positive gastro-
esophageal and gastric cancers receiving trastuzumab
plus chemotherapy show a significant increase in
overall and progression-free survival compared to
patient treated with chemotherapy alone [70]. HER-
2-directed therapy produced unprecedented clinical
improvements in both predicting responses and sur-
vival rates across all lines of treatment for advanced
breast cancer. Nonetheless, HER-2 amplification or
protein expression still plays a controversial role, since
targeting HER-2 has been shown not to be associated
with either clinical and pathological parameters in
7-34% of primary gastric tumors, in spite of survival
improvement [71].

¢-KIT is a tyrosine kinase receptor (TKR) that rec-
ognizes the stem cell factor (SCF) as its ligand. In
90% of gastrointestinal stromal tumors (GIST)
¢-KIT displays point mutations that lead to constitu-
tive c-KIT activation and therefore to tumor
development [72]. Imatinib is a tyrosine kinase
inhibitor (TKI) that recognizes c-KIT blocking its
catalytic activity [73]. It represents the first-line
treatment for high-risk operated, locally advanced,
and inoperable or metastatic c-KIT-mutated GIST
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[74]. Therefore, c-KIT can be considered able to
predict response to imatinib [75, 76].

ROSI is an oncogene encoding for a tyrosine kinase
receptor that is rearranged in 0.7% to 1.7% of
NSCLC [77]. ROSI rearrangements fuse the entire
tyrosine kinase domain of the gene with 1 of 12 dif-
ferent partners generating a constitutively active
chimeric kinase that drives cell transformation [78§].
ROSI-positive patients are generally young, with
adenocarcinoma histology and little or no history of
smoking. Due to the high degree of sequence homol-
ogy (>64%) between the ALK and ROSI kinase
domains and ATP binding sites (>84%), crizotinib
has been evaluated in ROS1-positive patients with
excellent results in terms of progression-free sur-
vival. Furthermore, several trials are already evaluat-
ing additional molecules (cabozantinib or other
ALK inhibitors) for individuals displaying resistance
to crizotinib [79].

The mesenchymal-epithelial transition ( MET) gene is
a proto-oncogene located on chromosome 7 at q31.2,
which encodes a tyrosine kinase receptor activated by
its specific natural ligand: the hepatocyte growth fac-
tor receptor (HGFR). Activating mutation, amplifi-
cation, and overexpression of this gene are also
associated with multiple human tumors. Binding of
HGF to MET stimulates downstream signal path-
ways, such as the RAS/ERK/MAPK, PI3K/AKT,
Wnt/p-catenin, and STAT signaling pathways. These
pathways are known to involve cell growth, migration,
angiogenesis, and survival [80]. MET amplification
(3-7%) and overexpression (25-75%) imply a worse
prognosis for the patient. It has also been found that
about 10-20% of NSCLC patients with EGFR-
mutated tumor acquire resistance to EGFR-TKI
through MET amplification. The evaluation of MET
therefore assumes both prognostic and predictive role
of response to MET TKIs (crizotinib, tepotinib, or
capmatinib) [§1]. Mutations of the MET gene at the
level of exon 14 (METex14) are identified in about 3%
of NSCLC cases. These are generally found in specific
conditions: these are usually elderly patients with a
history of tobacco use and lung cancer with pleomor-
phic  (including sarcomatoid) histology or
adenocarcinoma [82]. Based on overall response rate
and response duration in the GEOMETRY mono-1
trial, capmatinib has only recently granted fast
approval by the Food and Drug Association (FDA)
for those tumors that harbor such mutations [83].
The NTRK1/23 proto-oncogenes (encoding the TRKs
A/BIC, respectively), influence survival and neuronal
differentiation. They have recently gained consider-
able attention in precision oncology as they can gen-
erate fusion oncoproteins that have been identified as
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oncogenic drivers in many adult and pediatric solid
tumors [84]. Among the earliest to be described in
cancer, translocations involving NTRK genes result
from intra- or inter- chromosomal rearrangements
that fuse the 3" end of NTRK with the 5" end [85].
The frequency of fusions of NTRK genes in the most
frequent tumors is generally less than 5%, for exam-
ple, about 0.2% in tumors of the head-neck district,
0.1-1%, in NSCLC, 0.7-1.5% in colorectal carcino-
mas, 0.3% in skin melanomas, and approximately 1%
in soft tissue sarcomas and GIST [86].

Larotrectinib, one of the first TRK inhibitors used,
has demonstrated a significant objective response rate
in most patients treated with TRK fusion cancers in
several clinical trials regardless of the patient’s age,
tumor histology, and specific involved fusion partner
[87]. It was the second histology-agnostic molecu-
larly targeted therapy approved by FDA (Food and
Drug Administration) and EMA (European Medi-
cines Agency)-approved. Entrectinib, another selective
inhibitor of TRK A/B/C, ROS1, and ALK, was devel-
oped for treatment of various solid tumors, receiving
FDA approval for the treatment of advanced ROSI-
positive NSCLC [88]. Different approaches can be used
to identify the presence of NTRK gene fusions in order
to guide the choice of treatment. Such strategies can
be direct or indirect, including immunohistochemistry
(IHC), FISH, RT-PCR, and NGS techniques [89]. The
implementation of these methods can be adapted to
individual patients based on the histological and clini-
cal presentation of the tumor so as to use the identifica-
tion of the NTRK gene fusions as a biomarker for the
choice of chemotherapy [86].

Activating alterations of the rearranged during trans-
fection (RET) kinase are therapeutically actionable
oncogenic drivers across a variety of cancers. Two main
activation mechanisms have been described for the
oncogenic RET kinase: point mutations and genetic
rearrangements. In several prospective clinical trials,
the use of multi-kinase inhibitors with activity against
RET has been associated with confirmed responses
and long-term disease control in selected patients
with RET-mutant or RET-reorganized tumors. RET
gene alterations are more frequently implicated in the
pathogenesis of lung, thyroid, and other cancers; in
detail, RET fusions are observed in 10% of papillary
thyroid cancers, 1-2% of NSCLC cases, and other
cancer subtypes including colorectal, pancreatic, and
breast cancers [90]. In lung adenocarcinomas, RET
fusion occurs mainly in nonsmoking patients, and the
partner most frequently associated in this context is
KIF5B, histologically also present calcifications in the
form of psammoma bodies. Some multiple TKIs have
shown activity in NSCLC with RET fusion, as well as
in other cancer types. Recently, two molecules specially

designed as strong and selective inhibitors, pralsetinib
and selpercatinib (previously known as BLU-667
and LOXO 292, respectively), have shown promising
activity in RET-positive NSCLCs [81], demonstrat-
ing potent, durable, and extensive anticancer activity
along with an acceptable toxicity profiles in advanced
RET-rearranged NSCLC [91]. Accordingly, selperca-
tinib has just recently received FDA approval for met-
astatic RET fusion-positive NSCLC and advanced
or metastatic RET fusion-positive thyroid cancers.
The techniques used to identify RET gene alterations
are NGS, PCR, and also FISH. Clinical-diagnostic
insights are needed to identify new approaches to tar-
get RET-dependent tumors in order to improve the
prospects for using this biomarker.

Tumor mutation burden, also known as TMB or
tumor mutation load, measures the total number of
mutations within a tumor genome, sometimes
defined as the total number of non-synonymous
point mutations with the precise definition varying
with the sequenced region size along with the local-
ization and the nature of the included mutations
[92]. Even if not without contradictory results, TMB
has newly emerged as a possible independent bio-
marker to predict patient responses to immunother-
apy in different tumor types, including lung cancer
[93]. Considering the complex mechanisms causing
the accumulation of somatic mutations which are
likely to induce an immune response producing neo-
antigens, whole exome sequencing (WES) of tumor
tissue initially has been the golden standard detec-
tion method technique for TMB. However, since
WES was not for routine use in clinical practice due
to substantial cost and turnaround time, targeted
next-generation sequencing (NGS) panels have been
adapted and, even if with no clear standardization
among different panels, currently used to estimate
TMB, presenting with a generally satisfactory corre-
lation with TMB determined by WES. Furthermore,
TMB analysis using liquid biopsy (circulating tumor
DNA or ctDNA), also known as blood-based TMB
(bTMB), has become an attractive method for the
prediction of response to immunotherapy regimens,
mostly for NSCLC patients could not always provide
adequate tumor tissue for biomarker analysis [94].
Of significance, a growing body of evidences sug-
gested that a high TMB (either on tissue or blood)
was associated with greater clinical benefit from
immune checkpoint inhibitors, albeit not showing a
clear survival advantage over chemotherapy alone in
randomized clinical trials, especially in NSCLC
patients [95]. Further ongoing trials have been
assessing and validating TMB as a biomarker for
response to immunotherapy.
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4.5 Surrogate Markers

Understanding how activity and efficacy of oncological
drugs have been evaluated so far in the context of clini-
cal trials is crucial for introducing the concept of bio-
markers as surrogate endpoints. A surrogate marker
could be defined as a measure of effect of a specific
treatment that may correlate with a real clinical end-
point but does not necessarily have a guaranteed
relationship [96]. For instance, most targeted therapies
have been recently approved for clinical practice due to
their cytostatic activity that interferes with one or more
pathways blocking proliferation, metastatic spread, or
angiogenesis. In this setting, drug activity may not be
associated with a significant radiologic shrinkage of the
lesions as well as usual endpoints; such objective
response according to RECIST criteria may not be suit-
able to evaluate their clinical efficacy. Accordingly, new
surrogate outcomes whose variation can be associated
to relevant clinical outcomes are needed [2].

The choice of the outcome measures is the key for
designing a clinical trial: these measures can be clinical
or, alternatively, indirect measures such as biomarkers.
These measures (that, besides bimolecular markers, may
also include physical or radiological tests) are consid-
ered as replacement endpoints or “surrogates” for clini-
cally meaningful endpoints (B Figs. 4.14, and 4.15).

Surrogate endpoints can be obtained from different
modalities, such as behavioral or cognitive scores, bio-
markers from electroencephalography (EEG), MRI,
PET, or biochemical biomarkers. When used as out-
comes in clinical trials, biomarkers are considered as
surrogate endpoints, even if not all biomarkers have
been validated nor regarded as such. Surrogate end-
points represent a small subset of well-characterized
biomarkers with well-evaluated clinical relevance: the
main difference is based on that a biomarker is an even-
tual “candidate” surrogate marker, whereas a surrogate

O Fig. 4.14 Features of a sur-
rogate endpoint

endpoint

Allows an earlier evaluation of the benefits of atherapy, compared to the real
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marker is a test validated as a measure of the effects of a
specific treatment [97] (B Fig. 4.16).

A solid literature-based evidence (e.g., epidemiologi-
cal, therapeutic, and/or pathophysiological) claiming
that a biomarker consistently and accurately would pre-
dict a clinical outcome (either positively or negatively)
needs to be considered to finally validate a surrogate
endpoint. Indeed, a surrogate endpoint is a reliable bio-
marker that would stand in for while not replacing a
clinical endpoint [98].

A biomarker may correlate with a clinical endpoint
only in certain conditions. Notwithstanding, correlation
with true clinical outcomes is not sufficient for a bio-
marker to be used as a valid surrogate endpoint, since
alterations on the levels of the biomarker induced by a
clinical intervention might be able to predict additional
effects on the clinical outcome.

There are several advantages in using molecular bio-
markers as surrogate endpoints instead of clinical and
radiological outcomes:
= Enabling to design clinical trials enrolling Iess

patients while obtaining more statistically significant

results.

= Performing interim analyses, obtaining data on treat-
ments efficacy or safety sooner than a clinical effect
could be demonstrated, and eventually reducing the
duration of clinical trials or allowing researchers to
stop interventions potentially harmful for a sub-
group of patients.

= Some events used in clinical trials as clinical end-
points may be very rare and, thus, are difficult to
record, and waiting for their development may be
unpractical and may also be considered unethical:
surrogate endpoints allow to overcome these
problems.

In clinical practice, it is essential to evaluate the levels of
a certain surrogate endpoint at baseline: hence, a pro-

Main features of surrogate markers

Linked to the outcome of clinical interest

It isreproducible, cheap, reliable and non invasive

endpoint

Informs more rapidly and with fewer sample, compared to atraditional
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O Fig.4.15 Clinical and
radiological endpoints that a
surrogate biomarker may stand
in for

Treatment
Activity
Determinants

Treatment
Efficacy
Determinants

O Fig.4.16 A surrogate
biomarker can be used as a
measure of effect of a treatment,
often allowing to evaluate its
effectiveness, or the development
of resistance, earlier than any
imagine technique

A

Marker levels
Pre-treatment

é[ Tumor Response (WHO, RECIST)

| Targeted therapy

Response

Time To Progression (TTP)
Progression-Free Survival (PFS) )
~
Overall Survival (0S)
Quality of life (QoL)
>

Lack of response

Baseline

gressive reduction of a biomarker during therapy can
represent a sign of clinical efficacy, while increased val-
ues may reflect the onset of potential resistance mecha-
nisms which could be detected before any radiologic
disease progressions occurred.

4.6 Risk Markers

A risk-associated biomarker is a factor that allows to
stratify general population in different risk classes, related
to the cumulative risk of developing cancer, acting as a
predictor of the cumulative oncological risk (B Fig.4.17).
It is associated with an increased or, in some cases,
decreased chance of developing a specific cancer (or a
specific set of cancers) in an individual who, from a clini-
cal standpoint, has not yet presented with that disease or
medical condition. A risk marker is somehow similar to
a prognostic biomarker as differences between them may

>

Months

not always be so clear: while the former regards healthy
individuals, the latter concerns individuals who have
already been diagnosed with a particular disease. Risk
markers are usually represented by a mutation that may
be detected many years — in some cases decades — before
the onset of clinical signs and symptoms and do not
describe a relationship with any specific treatment [99].
Indeed, pathological genetic variants represent the
most well-established class of risk markers, character-
ized by a high predictive value. In recent years, a grow-
ing number of hereditary germline mutations have been
studied and associated with an increased risk of devel-
oping cancer: studying these mutations is important in
the context of personalized medicine in order to evalu-
ate the oncological risk of a patient, selecting high-risk
subgroups of subjects in the healthy general population,
and leading to appropriate preventive strategies.
Fortunately, genetic mutations that seemed to be
related with a high risk of developing hereditary or famil-
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B Fig.4.17 Example of general healthy population stratification in
different risk classes, related to the cumulative risk of developing
cancer, according to the presence or absence of a risk biomarker

iar tumors affects only a small percentage of the general
population for which careful and very specialized man-
agement solutions are needed. Such biomarkers may be
used to determine whether lifestyle, nutritional, or other
preventive interventions are indicated or to identify indi-
viduals who may need more aggressive surveillance and/
or preventive strategies comparing to general popula-
tion. However, the utility of a susceptibility/risk bio-
marker comprehensively depends on the availability of
interventions that are able to modify the risk of disease.
Furthermore, risk markers appeared to play other
roles in the set of medical research, especially in primary
prevention clinical trials where it is often difficult to
enroll patients such as to observe a significant number
of clinical events throughout time. Risk markers allow
to select patients with a higher risk of developing a dis-
ease (event), thus obtaining:
== An easier trial conduction, in a shorter amount of
time and with a lower patients accrual
== A better balance between treatment benefits and side
effects, reducing the number of patients that would
suffer from toxicities while not taking advantage
from the intervention [99]

Examples of risk markers are:

== Germline mutations in BRCA-1 and BRCA-2 genes,
two genes involved in homologous recombination that
heavily contribute to double-stranded DNA repair,
thereby acting as “genomic caretakers”(B Fig. 4.18).
Loss of function of BRCA genes confers an increased
lifetime risk for multiple types of malignancies, espe-
cially breast and ovary cancer. About 5% of breast car-
cinomas and 10% of ovarian malignancies result from
germline hereditary BRCAI/2 mutations. BRCA
mutations are present in about 45% of families with a
history of breast cancer and up to 90% of families with
a history of both breast and ovarian cancer [100-102].
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Moreover, sporadic (i.e., somatic) BRCA1/2 altera-
tions are common in ovarian cancer, especially of
high-grade serous histology [103, 104].

Nowadays, BRCA mutations not only represent clini-
cally useful risk markers but also play a predictive role,
foretelling response to the new PARPi (poly-ADP-
ribose-polymerase inhibitors) drugs in ovarian, breast
and prostate cancers. PARP is a nuclear enzyme with
dual roles in DNA repair and transcription regulation.
PARP mediates single-strand break DNA repair mod-
ulating the base and nucleotide excision repair path-
ways. In the absence of functional BRCA genes,
pharmacological inhibition of single-strand DNA
repair leads to the accumulation of double-strand
breaks, which can increase a cell’s mutational load lead-
ing to activation of programmed death. Indeed, several
PARP inhibitors (olaparib, niraparib, and rucaparib)
have recently become available in clinical practice dis-
playing unprecedented efficiency as maintenance ther-
apy for ovarian cancer patients with platinum-sensitive
and/or BRCA-mutated tumors. Accordingly, scientific
societies recommended the implementation of BRCA
testing into clinics with the goal of identifying both
cancer patients with higher probability of benefit from
specific anticancer treatments (test for response to ther-
apy) and family carriers of pathogenic variant who
have eventually inherited predisposition to cancer
development (test for cancer risk) [105-107].

Germline mismatch repair (MMR) system genes
mutations which are responsible for the human non-
polyposis colon cancer (HNPCC) or Lynch syn-
drome. Microsatellites (MS) are short DNA sequences
(1-6 bases) tandemly repeated and scattered through-
out coding and noncoding regions of the genome
that are highly exposed to replication errors [47]. The
MMR system includes four genes (MLHI, MSH2,
MSH6, and PMS2 ), cooperating to detect and repair
genomic aberrations. A defective MMR gathers mis-
takes in microsatellites, leading to genetic instability
(MS instable phenotype or MSI) [48], increasing the
risk of development of a wide number of tumors,
especially colorectal cancers (but also including pan-
creatic, biliary, and urinary tract tumors). MMR
alterations can be sporadic, in case of MLHI epigen-
etic silencing, or inherited, in case of MLHI, MSH2,
MSH6, or PMS2 germline mutations (i.e., Lynch
syndrome). Up to 15% of colorectal cancers (CRCs)
display MSI, the majority being sporadic with Lynch
syndrome the most frequent hereditary form of CRC
[108]. Immunohistochemistry and PCR are currently
employed to assess MSI status, and tumors are cate-
gorized as MSI-high (MSI-H) or MSI-low (MSI-L)
according to the assay result [109]. MSI-H CRCs
present with peculiar features, as they arise in the




60 F. Guadagni et al.

O Fig.4.18 Percentages of
single genes involved in
hereditary breast cancers

Sporadic
90%

right colon and are diagnosed at earlier stages often
exhibiting mucin production and a rich lymphocytic
infiltration. Furthermore, whereas hereditary MSI-H
tumors typically occur in younger patients, sporadic
MSI-H CRC:s tend to develop in older individuals,
mainly female and smokers. The V6OOE BRAF muta-
tion is often detected in sporadic MSI-H CRCs, while
it is uncommon in Lynch syndrome-related tumors.
The MSI status displays both a prognostic and pre-
dictive role for patients diagnosed with tumors of the
colon and rectum. Indeed, according to disease exten-
sion, stage II/IIl MSI-H tumors have a better out-
come compared with MSI-L ones, while, in stage IV
CRCs, MSI-H is a negative prognostic factor. On the
other hand, controversial data claim a lack of benefit
of adjuvant 5-FU in MSI-H patients, whereas a
defective e MMR seems to enhance oxaliplatin
sensitivity [110]. In addition, an emerging body of
evidence demonstrates a strong correlation between
MSI and immunotherapy response. As a consequence
of their high mutational burden, MMR defective
tumors produce numerous neoantigens favoring the
efficacy of immune checkpoint modulators. Thus,
several trials are testing immunotherapy in MSI-H
metastatic CRC and other advanced cancer patients

[111].

Hereditary
10%

HNPCC
3% Other genes
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Key Points

== Biomarkers allow clinicians to swich from stan-
dardized medicine to a more tailored approach;

= Agnostic biomarkers allow to select patients that
can benefit from specific drugs, independently from
tumor site or histology;

== [n basket trials, eligibility is based on the presence
of a specific genomic alteration, irrespectively of
tumor histology<,

== Diagnostic markers contribute, together with other
tools, to oncological diagnosis, allowing for an ear-
lier and more precise diagnosis, and a better assess-
ment of aggressivness and stage;

== Prognostic biomarkers help predicting tumor natu-
ral history, allowing to select patients that may ben-
efit from a more aggressive treatment. They allow
to stratify patients in different risk classes accord-
ing to a specifical clinical outcome, irrespectively of
treatment approach;

== Predictive biomarkers allow to stratify patients on
the basis of the probability of response to a specific
treatment, guiding the clinician in the selection of
the best treatment and helping to spare avoidable
toxicities;
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= Surrogate biomarkers are a surrogate (or replace-
ment) of clinically meaningful endpoint, with wich
they may correlate, and represent a measure of
effect of a specific treatment.

== Risk biomarkers can help estimate the lifetime risk
of developing cancer in high risk subjects: they
allow to stratify general population in different
classes according to the cumulative risk of cancer.
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@ Learning Objectives

By the end of the chapter the reader will:

== Have learned the basic concepts related to the
heredofamilial and sporadic tumors

== Have reached a good knowledge of the mechanisms
of action of the gatekeeper and caretaker genes

== Have acquired a good knowledge of the major he-
reditary tumor syndromes associated with specific
susceptibility genes

== Have reached a clearer understanding of the dif-
ferent molecular and genetic events responsible for
tumor progression and onset

5.1 Introduction

The history of hereditary tumors begins in the thir-
teenth century following the observation, in some fami-
lies of patients with skin lesions, such as neurofibromas
present in neurofibromatosis type 1 (NF1), subsequently
also called von Recklinghausen’s disease [1]. The insight
of a generic genetic predisposition to particular types of
cancer with specificity of the involved cell type dates
back to the early 1900s, when Thomson emphasizes the
hereditary nature of NF [2]. In 1922, Morgan first used
the expression “human and experimental genetic predis-
position” to cancer, referring to a Mendelian-type trans-
mission [3, 4]. The use of murine models with genetic
predisposition to the development of tumors, following
the exposure to specific substances with carcinogenic
effects (carcinogens), has allowed, in the course of the
last century up to our days, the acquisition of new
knowledge in this field [5, 6]. These models, initially
adopted to understand the reason for which not all indi-
viduals exposed to tobacco smoke or asbestos developed
lung cancer, have been shown to be, indeed, very useful
also for the study of neoplasms arising in subjects carry-
ing germline mutations at the level of specific genes
called “susceptibility genes” [7-9]. The hypothesis pro-
posed by Alfred Knudson, according to which a germ-
line mutation can predispose genetically to a tumor,
whose onset requires additional somatic mutations that
occur secondarily in the tissue (“two-hit” hypothesis)
dates back more than 30 years ago [10]. This model was
identified, for the first time, in hereditary retinoblas-
toma, an autosomal dominant tumor at high penetrance.
The affected carriers inherit a germline mutation inacti-
vating the RBI gene (located on the long arm of chro-
mosome 13) that determines a heterozygosity condition
for that gene in all the cells of the organism [11]. The
appearance of tumor phenotype occurs when a subse-
quent somatic mutation of the normal allele of the same
gene occurs on a retinoblast, resulting in a homozygos-
ity condition (loss of heterozygosity or LOH) and, con-

sequently, the complete loss of function (loss-of-function
mutation). Although RBI/ is a tumor suppressor gene
and acts in a recessive manner, however, the predisposi-
tion to retinoblastoma, as previously reported, is trans-
mitted in an autosomal dominant manner at high
penetrance, since the second somatic mutation is highly
probable due to chromosomal deletion events, failure of
mitotic disjunction, or mitotic recombination [12, 13].

Although hereditary tumors represent only a small
fraction of all the tumors which today afflict people
worldwide, the knowledge of molecular genetics result-
ing from their study has changed not only the clinical
management of affected patients and their families but
provided important information on the molecular pro-
cesses involved also in the corresponding, but far more
numerous, sporadic tumors [14]. In addition to the
hereditary tumor forms, a greater number of cancers
develop with the simultaneous and synergistic contribu-
tion of multiple bland individual characters. These
genetic factors at weak susceptibility, often associated
with genetic polymorphisms common in the population,
are known only minimally and represent the main chal-
lenge of genetic research in the years to come [15]. The
identification of individuals with a hereditary risk of
cancer is based on an accurate reconstruction of the per-
sonal and family clinical history and, usually, takes place
in the context of an oncological genetic counseling [16].
Numerous genetic tests are currently available to con-
firm the clinical diagnosis and adopt the most appropri-
ate therapies for patients but above all to early identify
those subjects who exhibit an increased risk, in order to
plan surveillance and prevention in the best possible way
[17, 18].

In this chapter we will define the key concepts related
to the heredofamilial tumors, briefly describing the
major hereditary tumor syndromes associated with spe-
cific susceptibility genes (B Table 5.1).

5.2 Genetic Predisposition to Cancer:
Oncogenes and Tumor Suppressor
Genes

Numerous studies carried out on tumor susceptibility
syndromes led to a clearer understanding of the differ-
ent molecular events responsible for tumor progression.
Oncogenes and tumor suppressor genes are generally
considered genes whose alterations, including, for exam-
ple, intragenic mutations, chromosomal deletions, and
variations in expression levels, are involved in the tumor
onset and progression, promoting the abnormal growth
of cells and their cell division [19-21]. Only a few hered-
itary predisposition syndromes are associated with
germline mutations that determine the activation of
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B Table 5.1 Major hereditary tumor syndromes associated with mutations in oncogenes and tumor suppressor genes

(caretakers and gatekeepers)

Syndrome Gene (Locus)

Hereditary tumor syndromes associated with mutations in caretaker genes

Hereditary breast and/or ovarian cancer BRCAI (17q21)

BRCA2 (13q12-13)

Hereditary nonpolyposis colorectal cancer
(HNPCC)

MLHI (3p21)
MSH?2 (2p22)
PMS2 (7p22)
PMSI (2q31)
MSH6 (2p16)

Hereditary tumor syndromes associated with mutations in gatekeeper genes

Familial adenomatous polyposis (FAP) APC (5q21)

Peutz-Jeghers syndrome (PJS) STKI1 (19p13)
Hereditary diffuse gastric cancer (HDGC) CDHI (16q22.1)
Hereditary melanoma CDKN2A (9p21)
Neurofibromatosis type 1 (NF1) NFI (17q11.2)
Retinoblastoma RBI (13q14)
Cowden syndrome PTEN (10g23.3)
Li-Fraumeni syndrome TP53 (17p13)
Hereditary tumor syndromes associated with mutations in oncogenes
Medullary thyroid cancer (MEN 2) RET (10q11.2)

Hereditary melanoma CDK4 (12q14)

Incidence Penetrance
1/500-1/1000 85%
1/500-1/1000 80%
1/5000-1/10,000 ~100%
1/300,000 —

Rare 90%
Rare ~100%
1/3000 -
1/15,000-1/20,000 -
1/200,000 90-95%
Rare 90-95%
1/30,000 —

Rare ~100%

oncogenes, leading to a gain of function (gain of func-
tion). Oncogenes induce cell proliferation by acting in a
dominant manner, and, therefore, the mutation of a
single allele is sufficient to promote carcinogenesis [22,
23]. It has been hypothesized that the majority of gain-
of-function germline mutations are incompatible with
embryonic development, highlighting the rarity of
involvement of oncogenes in inherited tumors [24]. In
any case, both for oncogenes and tumor suppressor
genes, when cells show genetic alterations inherited via
germline, subsequent somatic mutations in other genes
(probably, from two to seven) are usually necessary to
trigger the processes of tumor progression and metasta-
sis [25-28].

Several crucial cellular processes, including apopto-
sis and cell cycle, differentiation, signal transduction,
cell adhesion, maintenance of genomic integrity, and
DNA damage repair (DDR) mechanisms, are regulated
by tumor suppressor genes [29, 30]. It has been generally
accepted that tumor suppressor genes, responsible for
the heredofamilial cancer syndromes and involved in the
regulation of cell proliferation and apoptosis, can be
schematically divided into three main categories: gate-
keepers, caretakers, and landscapers [4, 31, 32].

The “gatekeeper gene” definition was initially used
to define the role of the 4PC (adenomatous polyposis
coli) susceptibility gene responsible for the colon ade-
nomatous polyposis [33]. Gatekeeper genes act by
directly controlling cell growth, thus inhibiting prolif-
eration, and leading to the apoptosis and/or promo-
tion of terminal differentiation. Furthermore, they
can promote DNA damage repair, delaying the cell
cycle and thus increasing cell survival. Such genes are
frequently altered in sporadic tumors at the somatic
level whereas in hereditary tumors at the germline
level [30, 34, 35]. Both maternal and paternal allele
copies must be altered so that the tumor develops. The
functional restoration of the involved gatekeeper gene
will bring the tumor cell to become normal. According
to Knudson’s hypothesis, in the gatekeeper pathway of
subjects who inherited a mutated copy of the gene,
only an additional somatic mutation is needed in the
other allele, in order to trigger the neoplastic process
[36, 37] (B Fig. 5.1).

Since gatekeeper genes have been found to be tissue-
specific, therefore alterations of one of them will lead to
the development of a particular form of predisposition
to cancer. The major gatekeeper genes, with a descrip-
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tion of their most important functions, and the related
syndromes are reported in @ Table 5.2.

Caretakers’ genes are responsible for maintaining
genomic stability and then for the genetic information
integrity in each cell, by reducing the mutation rates of
different genes involved in DNA repair, including gate-
keepers and oncogenes [38]. These genes are considered
“guardians of the genome”, as they can prevent genomic
instability, reducing the risk of cancer and aging. Since
tumor development requires many alterations, the inac-
tivation of such genes can lead to a significant accelera-
tion of the tumorigenesis process. In fact, mutations of
caretakers’ genes determine a genetic instability that
favors the appearance of further mutations in other
genes important for cell cycle control [39]. This gener-
ates the so-called hypermutable phenotype, the expres-
sion of which is the instability of the microsatellite
sequences (MSI) and accumulation of the mutations
necessary for the neoplastic transformation. These
mutations are rare in sporadic tumors but have been fre-
quently detected in the germline [40, 41]. In the care-
taker pathway of inherited syndromes, three successive
somatic mutations (one mutation in the caretaker wild-

Alteration of homologous allele
of the caretaker gene

#*

— GENETIC
INSTABILITY
*
TUMOR
INITIATION

type allele followed by one in each of the gatekeeper
gene copies) are necessary in subjects who have already
inherited an alteration in one of the two alleles, so that
tumor develops [42, 43] (B Fig. 5.1). Therefore, altera-
tions of a caretaker gene are neither necessary nor suf-
ficient for the development of a tumor. In fact, their
functional restoration will not arrest the neoplastic
growth, if a genetic mutation in the gatekeeper has
already occurred. Overall, therefore, an altered gate-
keeper gene will mainly affect the onset of a tumor,
whereas a defect in the caretaker gene will accelerate
tumor progression [36, 39]. The major caretakers’ genes,
with a description of their most important functions,
and the related syndromes are shown in @ Table 5.3.
Tumor suppressor genes called “landscapers” encode
for membrane proteins involved in intercellular commu-
nication processes, controlling the microenvironment in
which cells grow. Indeed, cell growth depends on the
cell-cell and cell-extracellular cell matrix (ECM) interac-
tions [44]. The alteration of these genes can be inherited
via germline and occurs mainly in the stromal cells
which, by altering the microenvironment surrounding to
the epithelial cells, may favor genomic instability and
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B Table 5.2 Major gatekeeper genes and associated sporadic and/or hereditary syndromes

Gene Chromosome Protein function Syndrome Associated tumors
locus
APC 5q21 Cell adhesion, signal Familial adenomatous Colorectal cancer
transduction pathway polyposis
wWTI 11pl13 Transcription factor, RNA Wilms tumor Nephroblastoma
processing
CDKNIC 11pl5.5 Cell cycle control Beckwith-Wiedemann Rhabdomyosarcoma, Wilms tumor,
syndrome adrenocortical cancer,
hepatoblastoma
NFI 17q11.2 Ras GAP activity Neurofibromatosis Neurofibromas, sarcomas, gliomas
type 1
NF2 22ql2 Cytoskeletal regulation Neurofibromatosis Pheochromocytomas of the nervous
type 2 system, myeloid leukemia
VHL 3p25.5 Transcriptional elongation Von Hippel-Lindau Schwannomas, meningiomas,
regulation syndrome ependymomas of the nervous system,
bilateral acoustic neuromas
FHIT 3pl4.2 Nucleoside hydrolase Familial clear cell renal ~ Lung, kidney, stomach, cervical
carcinoma carcinomas
PTCH 9q22-31 Receptor for hedgehog Gorlin-Goltz syndrome  Basal cell carcinomas,
protein medulloblastomas,
rhabdomyosarcoma
PTEN 10g23.3 Phosphatase Cowden syndrome Hamartomas, gliomas, prostate,
endometrial and breast cancers
CDKN2A4 9p21 Cell cycle control Familial cutaneous Melanoma, pancreatic cancer
melanoma
MENI 11q13.1 Unknown Multiple endocrine Parathyroid/pituitary adenoma, islet
neoplasia type 1 cell carcinoma
RET 10q11.2 Tyrosine kinase receptor for ~ Multiple endocrine Medullary thyroid cancer type 2A,
GDNF neoplasia type 2 pheochromocytoma
RBI 13ql4 Cell cycle control Retinoblastoma Osteosarcoma, small cell lung cancer,
bladder and breast cancers
TP53 17p13 Cell cycle control, Li-Fraumeni syndrome Sarcomas, leukemia, brain and breast
apoptosis cancers
TSC2 16p13.3 - Tuberous sclerosis Hamartomas, renal and brain tumors
TSCI 9q34 GTPase activation Tuberous sclerosis Hamartomas, renal and brain tumors
MADH4 18q21.1 Signal transduction Juvenile polyposis Hamartomas, pancreatic and
through TGFpB/BMP colorectal cancers
NKX3A4 8p21 Homeobox protein Familial prostate Prostate tumors
carcinoma
STKI11 19pl13 Serine/threonine kinase Peutz-Jeghers Hamartomas, testicular, ovarian,
syndrome breast, and colorectal cancers
CDHI 16¢q22.1 Epithelial cadherin Familial gastric cancer Breast, lung, skin, and colon cancers
CYLD 16q12-ql3 Signal transduction, vesicle ~ Familial cylindromas Cylindromas
transport
EP300 22q13.2 E1A binding protein Sporadic Breast, colorectal, and pancreatic

cancers

(continued)
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B Table 5.2 (continued)

Gene Chromosome Protein function
locus

EXTI 8q24.11-q24.13 Synthesis of heparan
sulfate

EXT2 11pl2 Synthesis of heparan
sulfate

MAP2K4 17p11.2 Mitogen-activated protein
kinase

PRKARIA 17q23-q24 Regulatory subunit of
protein kinase A

SDHD 11923 Subunit D of succinate
dehydrogenase

SMARCBI 22q11.23 Actin-dependent regulator

of chromatin

Syndrome Associated tumors

Sporadic Osteosarcomas, exostoses

Sporadic Osteosarcomas, exostoses

Sporadic Breast, colon, and pancreatic cancers
Sporadic Myxoma and endocrine tumors
Familial Paragangliomas

paragangliomas

Rhabdoid Rhabdoid tumors

predisposition

syndrome

RNA ribonucleic acid, GAP guanosine triphosphatase activating protein, GDNF glial-derived neurotrophic factor, GTPase guanosine
triphosphatase, TGFp transforming growth factor-f, BM P bone morphogenetic protein

consequently carcinogenesis [45]. The mutation of the
landscapers’ genes accelerates the process of tumor pro-
gression and metastasis by altering the surrounding
microenvironment but is rarely associated with a specific
hereditary syndrome of cancer predisposition (juvenile
polyposis syndrome) [46].

Unlike the Knudson hypothesis, according to which
heterozygotes show normal phenotype, since 50% of the
product of a tumor suppressor gene is sufficient to pro-
tect a cell from neoplastic transformation, some tumor
suppressor genes, such as PTEN (associated with
Cowden syndrome), are “haploinsufficient” [47]. This
means that when an inactivating germline mutation is
inherited, a loss of function occurs, since the product of
the remaining wild-type allele is not sufficient to ade-
quately oppose carcinogenesis [48]. Paradoxically, the
alteration of both copies of this gene involves cellular
senescence, a form of permanent arrest of cell cycle that
contrasts tumor progression; therefore heterozygous
clones rather than cells with LOH for PTEN tend to be
selected in the development of a neoplasm [49, 50].

Many hereditary predisposition syndromes show
specific and different genotype-phenotype correlations,
as usually occurs in sporadic tumors. The variability of
these correlations, with reference to genetic mutations
specifically associated with each of the hereditary pre-
disposition syndromes, seems to be due to modifier
genes [S1, 52]. For example, in carriers of mutations in
the BRCAI and BRCA2 genes, which determine a
genetic predisposition to breast and/or ovarian tumors,
the modifier genes seem to be involved in the hormone
pathway [53, 54]. The modifier genes may encode tran-

scription factors, microRNAs, or other genomic ele-
ments not directly involved in the control of a
susceptibility gene but a determinant in the molecular
mechanisms of tissue-specific carcinogenesis [55, 56].

5.3 Linkage Analyses and Association
Studies in Families with Genetic
Predisposition to Cancer

The study of hereditary syndromes is fundamentally
based on the identification of the chromosome where
the genetic defect underlying the pathology is located
and, therefore, on the discovery of the susceptibility
gene [57]. Linkage and association studies in families
with genetic predisposition to cancer allow to identify
such genes and, therefore, proceed to the molecular
screening of high-risk individuals. The linkage is based
on the concept that neighboring loci/genes on the same
chromosome are linked or associated and therefore are
transmitted together, through meiosis, with a probabil-
ity of recombination of less than 50% [58]. Linkage
analysis, through the use of genetic markers whose
localization within a chromosome is known, allows to
determine the chromosomal position of a gene locus
potentially associated with a susceptibility gene and so
to perform an indirect diagnosis [59]. The marker linked
to the susceptibility gene allows to (a) distinguish the
two parental chromosomes, (b) identify the chromo-
some with the pathological allele, and (c) then the
parental line to be analyzed in the genealogical tree. To
perform a linkage analysis, specific requirements are
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O Table 5.3 Major caretaker genes and associated sporadic and/or hereditary syndromes

Gene Chromosome locus Protein function

BRCAI 17q21 DNA repair, cell cycle checkpoint
control, chromatin remodeling,
estrogen responsiveness

BRCA2 13q12-13 DNA repair, cell cycle checkpoint
control, chromatin remodeling,
estrogen responsiveness

BRCA3 13g21 ?

PARPI 1q42 DNA repair, transcriptional
regulation, replication, chromatin
modification and apoptosis

NER 9q22.3, 3p25, Helicases, nucleotide excision repair

system 19q13.2-13.3,

11pl2-11,
16p13.3-13.13

ATM 11g23.1 DNA repair

FANCA 16q23.3 DNA repair

FANCC 9q22.3 DNA repair

FANCD2 3p22-26 DNA repair

MLHI 3p21 DNA mismatch repair

MSH2 2p22 DNA mismatch repair

PMS2 Tp22 DNA mismatch repair

PMSI 2q31 DNA mismatch repair

MSH6 2pl6 DNA mismatch repair

Syndrome

Familial breast cancer

Familial breast cancer

Familial breast cancer

Xeroderma pigmentosum

Ataxia-telangiectasia
Fanconi anemia
Fanconi anemia
Fanconi anemia

Hereditary nonpolyposis
colorectal cancer

Hereditary nonpolyposis
colorectal cancer

Hereditary nonpolyposis
colorectal cancer

Hereditary nonpolyposis
colorectal cancer

Hereditary nonpolyposis
colorectal cancer

71

Associated tumors

Breast and ovarian
cancers

Breast and ovarian
cancers

Breast and ovarian
cancers

Breast and ovarian
cancer

Skin cancers

Lymphomas

Acute myeloid leukemia
Acute myeloid leukemia
Acute myeloid leukemia

Lymphomas, colon and
skin carcinomas,
sarcomas

Lymphomas, colon and
skin carcinomas,
sarcomas

Lymphomas, colon and
skin carcinomas,
sarcomas

Lymphomas, colon and
skin carcinomas,
sarcomas

Lymphomas, colon and
skin carcinomas,

sarcomas

DNA deoxyribonucleic acid, NER system nucleotide excision repair system

needed, such as sample size (number of analyzed fami-
lies), the presence of members of families affected by
cancer, and opportunities to use genetic markers that
are highly variable (polymorphic), uniformly distrib-
uted, and easily detectable with low-cost methods [60].
In addition to its localization in a contiguous position
or very close to the susceptibility gene, the ideal marker
must be highly variable, so as to make it stochastically
impossible that all individuals with cancer inherit the
same gene variant and none of the healthy subjects
present it [61, 62]. For this purpose, about 300 polymor-
phic markers consisting of very simple sequences of

DNA (2-5 base pairs) repeated in tandem and dispersed
in the genome were selected. Several factors can influ-
ence the diagnostic accuracy of the linkage analyses,
such as nonbiological paternity or technical errors in
the execution of analyses, the acquisition of new germ-
line mutations, or other causes of genetic heterogeneity
[63]. Another factor that can negatively affect the analy-
sis is the linkage disequilibrium (LD), that is, the non-
random association of allelic variants in distant loci,
not necessarily localized on the same chromosome [64].
In the last decades, linkage disequilibrium analyses have
been performed in genome-wide association studies



72 D. Fanale et al.

(GWAYS) in order to identify low-penetrance allelic vari-
ants involved in cancer susceptibility [65, 66]. GWAS
are epidemiological studies, based on population genet-
ics, aimed at identifying the associations between
genetic predisposition and disease (including tumor)
onset. In the cancer field, the potential of GWAS is to
evaluate the association of genetic variants in different
loci on different chromosomes in a wide range of cases
versus control samples, simultaneously analyzing a
panel of hundreds of thousands of SNP, in order to
identify new alleles of cancer susceptibility [67]. These
studies use a large number of single nucleotide genetic
polymorphisms (SNPs) to identify the associations with
disease based on linkage disequilibrium patterns in the
human genome. The existence of at least two non-path-
ological allelic variants in a gene locus is called poly-
morphism. It has been estimated that in the human
genome there are about seven million of common SNPs
that have a minor allelic frequency (m.a.f.) of less than
5%, and, since recombination occurs in several hot
spots, nascent polymorphisms are often strongly corre-
lated [68, 69]. In 2004, Houlston and Peto [70] estimated
the number of cases needed to identify low-penetrance
alleles that confer a relative risk of two in both an
unselected population and families with affected first-
degree relatives. It has been observed that, in an
unselected population, the identification of a suscepti-
bility allele with a frequency of 5% requires more than
800 cases. In the same population, the identification of
a susceptibility allele with a frequency of 1% requires
more than 3700 unselected cases [70]. Therefore, the
accumulation of a large amount of data in the GWAS is
crucial. However, the power of the association studies
can be significantly increased by using selected cases
with a family history of cancer, as fewer cases are
needed to demonstrate association with the disease [71].
In fact, the analyses of polymorphisms due to the varia-
tion of a single nucleotide with respect to the wild-type
sequence were initially carried out on selected cases in
relation, for example, to family history, in order to con-
siderably reduce the sample size necessary to demon-
strate the association with a specific tumor [72].
Subsequently, the preliminary data obtained from the
selected sample were confirmed in a larger population.
In general, each association study can be divided into
three phases: the first phase identifies common SNPs in
cases and controls; the second phase evaluates how
many of these SNPs are common to a greater number
of cases and controls; and, finally, the third phase aims
to identify new susceptibility alleles. These studies,
therefore, provide a powerful tool for identifying and
mapping new genetic markers for the susceptibility and
prognosis of each type of hereditary tumor, allowing a
more complete chromosome localization than linkage

analysis [73]. The search for alterations of these genes in
patients and/or families with suspected hereditary syn-
dromes of predisposition to cancer may allow the
implementation of appropriate measures of risk reduc-
tion (primary prevention) and surveillance (secondary
prevention) [74].

5.4 Sporadic and Heredofamilial Tumors

A tumor can be classified as sporadic, familial, or
hereditary [75, 76] (B Fig. 5.2). In sporadic tumors,
spontaneous mutational events are present only in
somatic cells of primary tumor, whereas in the heredi-
tary tumors every cell of the organism harbors that spe-
cific gene alteration [77]. Although most cases of cancer
are sporadic, since they occur in subjects without a sig-
nificant family history for this disease, however, about
5-10% of tumors are related to hereditary factors.
Sporadic tumors account for approximately 75-80% of
newly diagnosed tumors and are found in subjects with-
out evidence of inheritance [78, 79]. A tumor is consid-
ered as familial when one or more cases of cancer occur
in members of the same family, in the absence of a
genetic component. The trend toward family aggrega-
tion can be explained by two factors, such as the expo-
sure to environmental conditions and family segregation
of low-penetrance alleles and genes related to an
increased tumor susceptibility [80]. Genetic variations
in low-penetrance alleles generally involve a modest
increase in cancer risk. The term “hereditary” refers,
instead, to a situation in which the susceptibility of
developing a certain tumor is inherited in a Mendelian
way through genes of high-penetrance predisposition
[81] (B Fig. 5.2).

Examples of high-penetrance susceptibility genes
are BRCAI and BRCA?2 in hereditary breast and ovar-
ian cancers (HBOC). If one of the progenitors has a
germline mutation in the genes involved in the onset of
a particular tumor, the offspring has a 50% probability
of inheriting that mutation [57, 82]. In the individual
carriers of a germline mutation, all the cells of the
organism harbor that mutation, predisposing such
subject to develop a neoplasm easier and earlier with
respect to the general population [23]. Therefore, carri-
ers of mutations do not have the absolute certainty to
develop a tumor during the course of their life but only
have an increase in the probability of developing it as
compared to the general population. Most of heredi-
tary tumor syndromes follow an autosomal dominant
inheritance pattern and are associated with germline
mutations present in susceptibility genes [14]. The
transmission of hereditary mutations occurs according
to the Mendel’s laws, depending on whether the
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B Fig.5.2 Segregation patterns related to hereditary, familial, and sporadic tumors

mutated gene carries a dominant or recessive character
[83] (B Fig. 5.3).

The evidence of autosomal dominant transmission
is represented by the appearance of tumors in multiple
generations and association with peculiar syndromes
or congenital anomalies. Furthermore, hereditary
tumors often arise at a very early age and are fre-
quently multiple (synchronous or metachronous) [83].
Additional features that suggest a hereditary syn-
drome of cancer predisposition include the appear-
ance of multifocal or bilateral primary tumors, the
presence of tumor cases in two or more family mem-
bers (same branch of the family), and the identifica-
tion of clusters of tumors associated with a specific
syndrome (e.g., colorectal cancer and endometrial car-
cinoma in Lynch syndrome or HNPCC) [38, 84]. In a
hereditary tumor, a germline mutation in a gene can be
followed by the loss of heterozygosity (LOH) that hits
the second allele and can result in the appearance of a
point mutation (due to insertions or deletions of
bases), promoter hypermethylation causing gene
expression silencing, or a chromosomal deletion [85,
86]. Models of onset of sporadic and hereditary
tumors are shown in @ Fig. 5.4.

5.5 Genetics of Hereditary Breast and/or
Ovarian Cancer

Among major hereditary tumor syndromes associated
with mutations in caretakers’ genes, there is breast and/
or ovarian cancer. Although breast (BC) and ovarian
(OC) cancers are more frequently sporadic (75-80%),
approximately 15-20% are familial forms, and about
5-10% of cases are hereditary [87]. Less than half of
these hereditary forms are associated with germline
pathogenic variants (PVs) in well-known susceptibility
genes that confer a high (BRCAI, BRCA2, TP53) or
moderate (CHEK2, PTEN, ATM, etc.) risk to develop
the neoplasm over a lifetime [88-90]. Although PVs in
other genes, including CHEK2, ATM, BRIPI, PALB2,
MREII, NBSI1, RAD50, and others, have been reported
in families with BC/OC recurrence, their effect on the
disease risk (3-5%) was estimated as being lower than
that given by BRCAI and BRCA2, and their relevance
for the clinical management of mutation carriers is, to
date, still debated and requires further in-depth clinical
studies [91-93] (B Fig. 5.5). Furthermore, these altera-
tions are not routinely investigated due to technical
(including the interpretation of such new variants) and
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economic limitations. However, new DNA sequencing
strategies (as the next-generation sequencing, NGS)
have already demonstrated their capability to overcome
these limitations and, soon, will allow to analyze large
gene panels in addition to BRCAI and BRCA2 [94].

Mutations in not yet identified high-penetrance sus-
ceptibility genes or polymorphisms in several low-
penetrance loci (polygenic susceptibility) appear to be
involved in more than 60% of cases of heredofamilial
BC e/o OC [95, 96]. However, in most cases, hereditary
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predisposition to BC/OC is subject to the polygenic
model which involves additive or multiplicative combi-
nations of multiple allelic variants at low-penetrance,
each of which individually confers a mild-to-moderate
risk of developing the tumor [71, 97, 98]. Several GWAS
have allowed to identify eight allelic variants (SNPs) at
low-penetrance (FGFR2, TNCRY/Tox3, H19, MAP3KI,
LSPI, 8q, 2935, ECHDCIRNF) responsible for only
3-5% of heredofamilial BC/OC cases [72, 92, 99]
(8 Fig. 5.5).

Hereditary Breast Cancer ]

Infrequently, family recurrence of BCs may be asso-
ciated with PVs affecting other genes, including PTEN
and TP53 (responsible for Cowden syndrome and Li-
Fraumeni syndrome, respectively), whereas OC recur-
rence may also be associated with Lynch syndrome,
linked to alterations within mismatch repair (MMR)
genes [38, 100] (B Fig. 5.6). Patients affected by Li-
Fraumeni syndrome develop various tumors, including
sarcomas, leukemia, brain tumors, adrenocortical carci-
nomas, and also BC [101]. Instead, the Cowden syn-
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drome is a condition characterized by multiple
hamartomas and confers a risk of developing BC in 1%
of cases [102]. Finally, the ATM gene, responsible for
ataxia-telangiectasia syndrome, predisposes to many
tumors, especially leukemia, lymphomas, pancreas ade-
nocarcinoma, and also BC [90, 95, 103].

Patients with a BC and/or OC family history can be
schematically classified into three different family pro-
files: hereditary breast cancer (HBC), hereditary ovarian
cancer (HOC), and hereditary breast and ovarian cancer
(HBOC) [104]. The HBC term is used when members of
a family carrying a BRCAI/BRCA2 PV only present
with BC cases. On the other hand, if cases of both BC
and OC segregate in their family tree, the HBOC term is
used [27, 100, 105]. Finally, more rarely, the HOC term
is used when there are only OC cases in a family [84].
HBC, HOC, and HBOC can be considered different
phenotypic manifestations of the same genetic syn-
drome (B Fig. 5.6).

5.5.1 BRCA1 and BRCA2 Genes

Two high-penetrance susceptibility caretakers’ genes
called BRCAI (breast cancer 1) and BRCAZ2 (breast
cancer 2) are considered responsible for 30 to 70% of
hereditary breast and ovarian cancers. The modality of
transmission of the PVs affecting these genes to the
offspring is autosomal dominant [57]. Recent studies
have suggested the existence of a third susceptibility
gene, called BRCA3, probably located on chromosome
1321 [106].

The BRCAI, the first of the two isolated genes, is
located on chromosome 17q21 and consists of 24 exons,
of which 22 encoding for a phosphoprotein of 1863
amino acids with a molecular weight of 220 kD. The
BRCAI exon 11 (now reclassified as exon 10 with the
newest nomenclature) shows a considerable size and
encodes 60% of the protein [107]. The BRCA?2 gene, dis-
covered about a year later and located on chromosome
13g21, shows larger dimensions compared to the BRCAI
one, and it is made up of 27 exons, of which 26 encoding
for a protein of 3418 amino acids [108]. Both genes show
a high structural homology. BRCA proteins present sev-
eral functional domains and are responsible for the
DNA genomic integrity, as they are involved in the
DNA repair system by homologous recombination
(HR) which allows to repair DNA double-strand breaks
(DSBs) [109, 110]. In addition to their implication in
DNA damage response, BRCA protein is also involved
in various cellular processes such as transcription regu-
lation, cell cycle progression, apoptosis, and protein
ubiquitination [111, 112]. Recent studies have also
shown an epigenetic role of both BRCA proteins in

chromatin remodeling and related processes such as
transcription and DNA repair [53, 113]. BRCAI is
involved in cell cycle checkpoints, genomic stability
maintenance, centrosome duplication, and development
of T lymphocytes [114]. This gene plays a key role in
delaying cell cycle progression when DSBs occur, until
they are completely repaired by the HR system. The
nuclear localization and BRCA1 phosphorylation level
are also regulated by DNA damage [107]. There are two
different levels of monitoring for genomic integrity: the
first controlled by BRCA1 and BRCA2 and the second
by p53, resulting in the increase in p21 transcription and
apoptosis. The p53 activation may be due to its direct
interaction with BRCALI, resulting in apoptosis of
tumor cells [115]. The multiple roles played by BRCAI
are due to its ability to interact with BRCA l-interacting
proteins (BIPs), including RB1, p53, ATM, c-myc,
BRCA2, DNA repair factors, and E2F. BRCAI muta-
tions are closely related to an increase in genomic insta-
bility caused by chromosomal aberrations and
aneuploidy [116]. Furthermore, BRCAI-mutated cells
are hypersensitive to ionizing radiation (IR) and DNA
lesions caused by DSBs [117].

BRCAZ2 has a characteristic domain containing eight
BRC repeats through which it is able to bind to RADS51
protein. This suggests a potential role of BRCA2 as an
assembly regulator for RADS1 on DNA double helix,
during the HR system-mediated mechanism [118§].
BRCA?2 also appears to be involved in Fanconi anemia,
via FANCDI gene [119]. BRCA2, instead, is not associ-
ated with cell cycle checkpoints or apoptosis. Probably,
the loss of function of BRCAI/2 confers embryonal
lethality in humans, since no individuals with germline
mutations in the two alleles of both genes were found
[120]. Pathogenic variants in BRCA genes do not fall
within mutational “hot spots” but are uniformly distrib-
uted throughout the gene. The PVs identified in BRCA
genes, since they were discovered, and their specific fre-
quencies are recorded in an international database called
Breast Cancer Information Core Database (BIC) which,
to date, reports more than 600 pathological PVs both for
BRCAI and BRCA2 [121]. Nevertheless, BIC database
is not still curated or updated as compared to other
main databases, like ClinVar, the latter reporting more
than 1500 PVs for both BRCAI and BRCA2. ClinVar
database is also linked to the ENIGMA Consortium
and reports the definitive classification of hundreds and
hundreds variants. About 70-80% of genetic alterations
are pathogenic, cause the formation of a truncated pro-
tein having smaller size, and mainly include frameshift
and nonsense mutations, small insertions and deletions,
and, to a lesser extent, missense mutations [122-124].
Approximately 3-5% of the pathogenic genetic altera-
tions consist of genomic rearrangements (large duplica-
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tions and deletions) and are mainly harbored by BRCA1
[125, 126]. For the large BRCAI and 2 genomic rear-
rangements, there are no consisting data about possible
founder effect, with exclusion of the Portuguese popula-
tion. In addition to pathogenic alterations, there are
variants of uncertain significance (VUS) and synony-
mous point mutations [127-129] (8 Fig. 5.7).

Specific PVs present only or predominantly in some
populations or ethnic groups are called “founder” muta-
tions, corresponding to genetic alterations that have orig-
inated in an ancestor of the observed population and
were maintained in the course of evolution [130-132].
These PVs were seen, for the first time, in Ashkenazi
Jews, who had the 185delAG-BRCAI mutation in 1% of
cases, resulting in a 16-20% BC risk before the age of 50
[133]. Founder mutations have also been identified in var-
ious European populations [134, 135]. In Italy, the preva-
lence of the BRCA1-5083dell9 and BRCA2-8765delAG
mutations was observed [136, 137]. The BRCAI-
5083del19 PV was identified in families of Calabrian ori-
gin and, more recently, in some families of Sicilian origin
[130, 138]. In Tuscany, the BRCAI-1499insA mutation
was identified as a hypothetical founder [139].

Ovarian cancers associated with BRCAI germline
variants are four times more frequent than those arising

BRCA1

Small Insertions/
Deletions 1%

Nonsense
15-20%
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from BRCA2 mutations. BRCAI PVs confer in the car-
riers a 50-85% risk of developing BC during their life-
time, a 40-60% risk of developing also bilateral BC
[139], and a 15-45% risk of developing OC or tubal car-
cinoma. Also germline BRCA2 PVs confer carriers a
50% to 85% risk of developing BC and a lower risk
(10-20%) of developing OC [87, 89, 140].

BRCAI-mutated BC frequently shows a poorly dif-
ferentiated infiltrating ductal histotype, characterized by
high proliferative activity, negativity of hormone recep-
tors for estrogens (ERs) and progesterone (PR), and
absence of HER2/neu amplification [141]. Therefore,
this “triple-negative” phenotype results to be very
aggressive and difficult to treat from the therapeutic
point of view [142]. Instead, differences in BRCA2-
mutated tumor types compared to those sporadic were
not reported, except for a slight increase in the incidence
of the lobular histotype [143, 144].

Recently, it has been demonstrated as the mutational
status of BRCAI/2 in OC patients which can help to
determine the most suitable therapeutic treatment regi-
mens, exploiting a new concept in oncology called “syn-
thetic lethality” [145]. This event involves the
participation of an enzyme called poly(ADP-ribose)
polymerase 1 (PARP1) and its mechanism of action

Functional significance

DO Fig.5.7 Type and frequency of mutations in BRCA genes. VUS variants of uncertain significance, IVS intervening sequence (intronic)




78 D. Fanale et al.
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involved in DNA single-stranded breaks (SSBs) repair.
PARPI is the major mediator of the base excision repair
(BER) system, through the regulation of several pro-
teins, including XRCCl, involved in DNA repair and
maintenance of genome integrity [146, 147]. BRCA-
mutated OC cells have already lost their ability to repair
DNA double-stranded breaks (DSBs) by the HR sys-
tem; therefore, the inhibition of the PARP-mediated
BER system by a PARP inhibitor prevents DNA repair
and induces cell death or “synthetic lethality” [148].
Recently, the introduction of PARP inhibitors in clinical
practice was shown as of significant beneficial effects in
the therapeutic treatment of OC individuals with defi-
ciency in BRCA function. PARP inhibitors represent
the first example of agents targeting the loss of a tumor
suppressor gene [149]. The PARP inhibition becomes
synthetically lethal in tumors with inactivating muta-

tions in BRCA genes, as a HR system deficiency makes
them dependent on other DNA repair pathways [145,
150]. Olaparib was one of the first developed PARP
inhibitors that showed therapeutic efficacy in OC
patients with BRCA mutations [151, 152].

Itis initially preferred to search the BRCA1/2 PVs on
tumor tissue, because the BRCA testing on peripheral
blood is able to detect only constitutional/hereditary
variants. The identification of a PV, somatic or germ-
line, allows to identify the OC patients with higher prob-
ability of response to specific PARP inhibitors. In the
case of a constitutional variant, in addition to predictive
information, the patient will gain the access, through the
genetic counseling, to the preventive pathway (surveil-
lance programs and risk reduction strategies). The flow
chart describing the pathway for BRCA genetic testing
in OC patients is shown in 8 Fig. 5.8 [153].
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5.6 Genetics of Male Breast Cancer

Male breast cancer (MBC) is a rare disease represent-
ing less than 1% of all cancers in men and less than 1%
of all breast cancers in Western countries. The annual
incidence of MBC is estimated at less than 1 per
100,000 men [154]; however data from the Surveillance,
Epidemiology, and End Results (SEER) Program of
the National Cancer Institute (NCI) indicated an
increasing incidence of MBC over the last 30 years
[155, 156].

Age-specific incidence rates for MBC increase lin-
early and steadily with age [155]. The mean age of BC
presentation in males is mostly in the late 1960s [157].
Based on age-frequency distribution, age-specific inci-
dence rate patterns, and prognostic factor profiles,
MBC is considered similar to late-onset, postmeno-
pausal estrogen/progesterone receptor-positive (ER+/
PR+) female breast cancer (FBC). Compared with
FBC, MBC has been reported to occur later in life,
present at a higher stage, and displaying lower histo-
logic grade, with a higher proportion of ER+ and PR+
tumors [158, 159]. MBC is recognized as an estrogen-
driven disease, specifically related to hyperestrogenism.
Diseases, conditions, or treatments that can increase
the levels of estrogen may contribute to the develop-
ment of MBC.

Approximately 15% to 20% of men with breast can-
cer report a family history of breast or ovarian cancer.
Moreover, about 2% of patients with MBC develop a
second primary breast cancer, and more than 20% of
patients develop a second non-breast tumor, more fre-
quently prostate, colon, and genitourinary cancer [160].
Overall, these associations point to a relevant genetic
component in MBC.

Genetic risk factors (B Table 5.4) play a key role
in MBC susceptibility, and it is estimated that more
than 10% of men with breast cancer have a genetic
predisposition. A positive family history (FH) of BC
is considered the major MBC predisposition factor.
Men with a positive first-degree FH have a twofold
increased risk of BC, which increases to more than
fivefold with the number of affected relatives and
early-onset relatives [161].

About 15% of all MBCs are hereditary forms caused
by inherited germline PVs in well-identified BC suscep-
tibility genes [162, 163]. By their mutation frequency
and the magnitude of their impact in BC susceptibility,
these genes can be divided into “high-penetrance,”
“moderate-penetrance,” and “low-penetrance” genes
(8 Table 5.9).
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O Table 5.4 Genetic risk factors for MBC

Genetic risk factors
Well-established Breast cancer family history
BRCAIl BRCA2

PALB2
Klinefelter syndrome

Possible CHEK2

SNPs

Suspected Cowden syndrome

Lynch syndrome

B Table 5.5 MBC genetic susceptibility

High Moderate Low
Genes BRCAI CHEK2 ESRI,
and and rs1314913
BRCA2 PALB2 (RADS51B),
1r$3803662 (TOX3),
rs1562430 and
rs445114 (8q24.21),
rs1011970
(CDKN2A/
CDKN2B), 15614367
(CCNDI)
Population <0.1% MAF 1% MAF >10%
frequency
Cancer risk ~ >10.0 >2.0 0.76-1.57

(Odds ratio)

5.6.1 High-Penetrance Genes

BRCAI and BRCA?2 are the most important BC suscep-
tibility genes in high-risk families. PVs in BRCA2 gene
are estimated to be responsible for 60-76% of MBCs
occurring in high-risk BC families, whereas frequency
of BRCAI sequence alterations ranges from 10% to
16% [164]. PVs affecting both BRCAI and BRCA2
genes are often found in patients with MBC who have
multiple cases of breast and/or ovarian cancer in their
family, but they were found in patients with MBC with-
out FH [165].

Overall, it is reported as about 10% of all MBCs are
caused by inherited germline PVs in both BRCAI and
BRCA?2 genes. The estimated lifetime risk of MBC is
5-10% in BRCA2 and 1-5% in BRCAI mutation carri-
ers [166], as compared to the risk of 0.1% of developing
MBC in the general population [167]. The median age at
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BC diagnosis among male BRCA2 mutation carriers is
earlier (median, 58.8 years) than that of negative cases
(median, 67.9 years). Male BRCAI and BRCA2 muta-
tion carriers are also at increased risk of developing sev-
eral cancer types, including prostate and pancreatic
carcinomas [168]. Specific BRCAI and BRCA2 PVs
show high frequency in specific countries or ethnic
groups, particularly, in genetically isolated populations.
These variations are descended from a single founder.
Founder mutations may also explain variability in BC
incidence rates among countries. For example, three
founder PVs, two in BRCAI (c.185delAG and
¢.5382insC) and one in BRCA2 (c.6174delT), have been
observed at higher frequency (>2% in total) in the
Ashkenazi Jewish male population than in the general
US population [164]. Generally, those affecting BRCAI
are quite rare in unselected MBC cases, being more fre-
quent in specific populations in which a founder effect is
known to occur [169]. A founder effect for the BRCAI
¢.3347delAG mutation was found in Italian MBC cases
[170-172].

BRCAI/2 large-scale rearrangements, including
insertions, deletions, or duplications of more than
500 kb of DNA, have been also been identified in both
male and female BC patients [173-176]. Interestingly,
large genomic rearrangements (LRGs) in BRCA2 are
more frequent in families with MBC [175, 177], while
LRGs in both BRCAI and BRCA?2 are infrequent in
MBC cases unselected for FH [178].

Differently from both OC and women’s BC, at pres-
ent, there is no evidence for a correlation between the
location of the mutation within BRCAI or BRCA2 gene
and risk of MBC [161].

It has been shown that MBC associated with BRCA2
mutations displays specific clinicopathological features.
Generally, MBC presents with lower histologic grade
tumors than FBC. In contrast, MBC associated with
BRCA2 mutations presents with higher histologic grade
compared both with FBC in BRCA2 mutation carriers
and with MBC in the general population from SEER
[179]. In particular, higher histological grade breast
tumors are more frequent among BRCA2 mutation car-
riers male diagnosed at younger ages (below 50 years)
than those diagnosed at older ages.

The identification of a specific BRCA2-associated
phenotype suggestive of an aggressive behavior may
define a subset of MBC patients (i.e., patients with high-
grade breast tumors and with young age at diagnosis)
who might particularly benefit from adjuvant chemo-
therapy. A similar trend is also observed for BRCAI
mutation carriers. Overall, BRCA1/2 MBCs display dis-
tinct pathologic characteristics compared to BRCAI/2
FBCs. These findings should lead to the development of
gender-specific risk prediction models and guide clinical
strategies appropriate for MBC management.

5.6.2 Moderate-Penetrance Genes

Direct interrogation of candidate genes involved in
BRCAI/2-associated DNA damage repair pathways led
to the identification of other BC susceptibility genes,
classified as moderate-penetrance genes. Variants found
in this class of genes confer a smaller risk of BC than
BRCAI2.

CHEK?2 ¢.1100delC was the first moderate BC risk
allele identified. The CHEK2 ¢.1100delC variant has
been initially shown to confer approximately a tenfold
increase of BC risk in men resulted as negative for
BRCAI/I2 PVs: therefore, it was estimated to account for
9% of familial high-risk MBC cases [180]. On the other
hand, mutations in CHEK?2 were found in 2.8% of MBC
patients unselected for FH of BC and were associated
with a 3.8-fold increased risk for MBC [181].

The contribution of the CHEK2 ¢.1100delC muta-
tion to MBC predisposition varies by ethnic group and
from country to country[178, 180, 182—-186]. A decreased
frequency of the ¢.1100delC allele in North to South
orientation has been observed in Europe.

The involvement of BRCA1/2 in the Fanconi anemia
(FA) pathway promoted mutational screening of other
FA genes functionally linked to BRCAI/2, such as
PALB2, BRIPI, and RADSIC [187].

In a recent study, Antoniou et al. [93] highlighted the
relevant role played by PALB2 in hereditary BC, sug-
gesting that BC risk for PAL B2 mutation carriers may
overlap with that for BRCA2 mutation carriers.
Therefore, PALB2 could be considered as the third most
important gene, following BRCAI and BRCA2, in BC
susceptibility.

PALB?2 sequence alterations were found in families
with both female and male BCs [162, 188, 189].
Moreover, PALB2 heterozygotes were fourfold more
likely to have a male relative with BC [190]. To date, sev-
eral studies have investigated the presence of PALB2
PVsin MBC cases [162, 189-196]. These studies showed
a variable PAL B2 mutation frequency ranging from 1%
to 16% [189, 193, 194, 196]. Recent data reported a
higher frequency of PALB2 pathogenic mutations in
high-risk MBC cases than that observed in high-risk
FBC cases (4% vs 1%) [162].

PALB2 mutations are frequently observed in families
with cases of melanoma, pancreatic, prostate, lung, and
stomach cancers, in addition to BC [162, 193-195, 197,
198]. To date, the exact risk of MBC for PALB2 muta-
tion carriers is unknown: however, these studies suggest
that PALB2-related families may resemble BRCAZ2-like
families, in which MBC and several other cancers may
be found in addition to FBC [162].

BRIPI gene was originally suggested as a low-
penetrant BC susceptibility gene [199]: nevertheless,
recent studies indicated that BRIPI mutation carriers
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have a high risk for ovarian cancer rather than BC [200,
201]. The role of BRIPI in MBC was investigated only
in one study, and no evidences were found regarding the
role of such germline BRIPIvariants as possible factors
contributing to MBC predisposition [192].

Similarly, despite a recent study reported RADS5SIC
mutations in families with BC [202], mutations in this
gene are mainly identified in families with either ovarian
cancer only or breast and ovarian cancer [203]. Therefore,
the involvement of RAD5IC in BC is still unknown
[204], and, at present, there is no evidence that RAD51C
PVs may contribute to MBC susceptibility [205].

Rare variants in other genes, including hereditary
cancer syndromes’ genes (i.e., TP53 and PTEN), and
genes involved in DNA repair pathways (i.e., ATM)
have been identified in a small number of pedigrees with
MBC. However, the contribution of these genes to MBC
risk still remains to be assessed [171, 181, 206, 207], as
well as the role, in MBC, of rare mutations involved in
BC susceptibility found in genes newly identified by
whole exome sequencing analysis, such as FANCM and
RECQL [208, 209].

5.6.3 Low-Penetrance Genes

A polygenic model, in which many genes that confer low
risk individually act in combination to confer much
larger risk in the population, was suggested as an expla-
nation of the susceptibility to BC and other common
cancers [210]. BCs not represented by currently known
high- and moderate-penetrance BC susceptibility genes
can be explained by this model. This hypothesis was
confirmed by multigroup collaborations working in
genome-wide association studies (GWAS) [211-216].

To date, only a few studies addressed the role of low-
penetrance alleles in MBC susceptibility [217-220]. Two
SNPs, 151314913 in RADS51B gene and rs3803662 near
TOX3 gene, were found as being associated with MBC
risk by GWAS. In particular, rs1314913 resulted specifi-
cally associated with increased BC risk in men whereas
rs3803662 with an increased BC risk also in women
[218]. Furthermore, by the gene candidate approach, the
ESRI locus was found to be associated with BC risk in
men and, in particular, with increased risk in ER-
negative MBC cases and in male BRCA1/2 mutation
carriers [217, 219].

A significant association with MBC risk for four
additional SNPs was also observed. These SNPs include
rs1562430 and rs445114 both within the 8q24.21 multi-
cancer susceptibility region, rs1011970 in CDKN2A/
CDKN2B gene and 15614367 in CCNDI gene.
Furthermore, differences in the distribution of
rs614367genotypes according to ER status and of
rs1011970 genotypes according to HER2 status emerged
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[220]. These data suggest that the association of some
SNPs with specific BC subtype seen in FBC could be
also exist in MBC [221].

Overall, although the relative risk associated with
SNPs is low, they are likely to be responsible for a sub-
stantial percentage of hereditary and sporadic MBCs
because of their high frequency. Most SNPs that are
associated with MBC risk are the same as those associ-
ated with FBC risk, but it seems that the magnitude of
risk that is conferred by them is different in the two
sexes [221].

Furthermore, some SNPs could act as modulators of
the risk conferred by mutations in the high-penetrance
BC susceptibility genes BRCAI and BRCA2 [166, 222].
In the first GWAS performed in male carriers of
BRCAI/2 mutations, it was demonstrated that the com-
bined effects of known BC susceptibility SNPs modify
BC risk for male mutation carriers, with important
implications on risk prediction. These results provided
the first direct evidence of an overlap in the genetic sus-
ceptibility to female BC, as well as the modification of
risks of BC in men with BRCA1/2 mutations [166].

5.6.4 Oncogenetic Counseling, Screening,
and Surveillance

Genetic counseling should be offered to MBC patients
based on their increased risk of BRCA mutations, par-
ticularly in the context of a breast/ovarian cancer family
history. The National Comprehensive Cancer Network
(NCCN) recommendation stated that all MBC patients
should be offered genetic counseling and testing based
on their risk of carrying a deleterious mutation that
might be relevant to their own care or the care of their
family members. Risk assessment models to estimate the
risk of carrying a BRCA mutation, such as BRCAPRO,
are also considered as validated for use in male patients
[223, 224].

Because incidence of MBC, adjusted by age, is only
1/100,000 individual per year, with lifetime risk of about
1/1000, there is no need of breast screening in the gen-
eral male population. On the other hand, screening for
BC in men at higher BC risk, including those with
BRCAI1/2 mutations, strong family history of BC, such
as affected mother and/or sister, Klinefelter syndrome,
or transgenders, should be undertaken and should be
available preferably in a clinical trial. Men at higher BC
risk should be aware of the warning signs of BC and
should be taught for breast self-examination. NCCN
Guidelines (Version 1.2020) recommend that male
BRCA mutation carriers have a clinical breast exam
every 12 months, starting from 35 years, and have a
prostate cancer screening starting at age 45 for BRCA2
mutation carriers (B Table 5.6).
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O Table 5.6 Management of BRCA mutation carriers
BRCA mutation-positive management
Men Breast self-exam training and education starting
at age 35 yrs
Clinical breast exam, every 12 months, starting
at age 35 yrs
Starting at age 45 yrs:
Recommend prostate cancer screening for
BRCA?2 carriers
Consider prostate cancer screening for BRCA!
carriers

Men and
women

Education regarding signs and symptoms of
cancer(s), especially those associated with
BRCA mutations

Screening may be individualized based on
cancers observed in the family

Modified by NCCN Guidelines Version 1.2020

The risk of a new BC is higher in MBC survivors.
MBC patients had a 30-fold increased risk of develop-
ing a contralateral BC, and this risk was greatest in men
who were younger than 50 years at BC diagnosis. Thus,
male survivors of early-stage BC could most benefit
from breast screening. MBC survivors are also at risk of
certain non-breast second malignancies, prostate being
the most common [225]. Thus, MBC survivors should
be offered the same screening programs for non-BC as
men in the general population, unless they are found to
carry deleterious genetic mutations for which specific
follow-up is recommended. Overall, there is a clear need
for protocols for both screening and surveillance and,
more in general, for information and support to men
diagnosed with BC.

5.7 Genetics of Hereditary Colorectal
Cancer

Colorectal cancer (CRC) is one of the most frequently
diagnosed cancers worldwide [226]. Although it often
occurs sporadically, family history represents one of the
strongest predictors of CRC risk, with about 30% of
cases diagnosed in individuals who have one or more
family members also affected with this disease [227].

CRC risk was shown to increase with the number of
affected relatives and particularly in the presence of at
least one early-onset CRC within the family [228]. These
observations supported the hypothesis that hereditary
factors influence CRC risk. Nowadays, it is estimated
that approximately 5% of CRC cases are associated with
highly penetrant inherited mutations related to known
hereditary CRC syndromes [76].

Genetic susceptibility to CRC includes well-defined
inherited syndromes such as familial adenomatous pol-

yposis (FAP), MUTYH-associated polyposis (MAP),
Lynch syndrome, and other less common syndromes,
broadly divided into polyposis and nonpolyposis dis-
eases, according to their different phenotypes [229]
(8 Table 5.7 and B Fig. 5.9).

5.7.1 Polyposis Syndromes

5.7.1.1 Familial Adenomatous Polyposis

Familial adenomatous polyposis (FAP) is a rare autoso-
mal dominant condition, accounting for about 1% of
CRCs. The disease is characterized by the development
of 100 to thousands of adenomatous polyps in adoles-
cence [230]. Since adenomatous polyps are the precursors
to the majority of CRCs, in FAP patients the progression
of polyps to CRC occurs by middle age, with a risk of
CRC approaching 100% by age 50 in the absence of proc-
tocolectomy [231]. Most of the resulting cancers occur in
the left colon. Attenuated FAP (AFAP) is a variant of the
disease characterized by a later onset, fewer polyps (from
10 to less than 100) often occurring in the right colon,
and a CRC risk of about 70% by age 80 years [232].

Extracolonic cancers associated with FAP include
adenocarcinomas of the duodenum and small intestine,
desmoid tumors, papillary thyroid cancer (especially in
women), medulloblastomas, and hepatoblastomas (in
children <5 years of age) [233].

Both classic and attenuated phenotypes of FAP are
caused by mutations in the adenomatous polyposis coli
(APC) gene [234]. APC is a tumor suppressor gene
encoding a protein involved in the wnt pathway, respon-
sible to inhibit the activity of p-catenin, the transcrip-
tion factor driving gut epithelial cell proliferation [228].
Loss of APC causes nuclear accumulation of p-catenin
and uncontrolled proliferation due to upregulation of
several oncogenes and is recognized as an early event in
colorectal carcinogenesis [235]. Mutations follow the
classical two-hit model of tumor suppressor inactiva-
tion. FAP patients inherit one germline PV and develop
tumors from those cells in which a second hit, or loss of
the wild-type allele of APC, is somatically acquired
[236]. Notably, 30% of individuals with FAP do not
inherit the PV but present with a de novo A PC germline
alteration; therefore they do not show a positive family
history for the disease [237].

More than 1100 mutations have been identified in the
APC gene, mostly resulting in a truncating protein prod-
uct [238]. Among missense variants, the APC 11307K
seems to moderately contribute to familial colon cancer,
mostly in specific populations such as Ashkenazi Jewish
[239]. Mutational hot spots are located at codons 1309
and 1061, accounting for approximately 17% and 11% of
all germline APC mutations, respectively [240]. Because of
the accumulation of mutations from codon 1250 to 1464,
this region is termed the “mutation cluster region” [241].
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B Table 5.7 Hereditary CRC genes and their associated syndromes

Gene Chromosome  Strenght of CRC risk level Associated syndrome
evidence

APC 5q22.2 Well-established High Familial adenomatous polyposis

(FAR) and attenuated FAP

BMPRIA 10g23.2 Well-established High Juvenile polyposis syndrome (JPS)

EPCAM 2p21 Well-established High Lynch syndrome

MLHI 3p22.2 Well-established High Lynch syndrome

MSH?2 2p21-16 Well-established High Lynch syndrome

MSH6 2pl6.3 Well-established High lynch syndrome

MUTYH (biallelic  1p34.1 Well-established High MUTY H-associated polyposis

mutations)

MUTYH 1p34.1 Not Uncertain — moderate at most Possible increased risk for CRC

(heterozygotes) well-established

POLDI 19q13.33 Not Uncertain — presumed high risk ~ Polymerase proofreading-associated
well-established from limited case reports polyposis (PPAP)

POLE 12q24.33 Not Uncertain — presumed high risk ~ Polymerase proofreading-associated
well-established from limited case reports polyposis (PPAP)

PMS2 7p22.1 Well-established High lynch syndrome

PTEN 10923.31 Well-established Moderate-High Cowden/ PTEN-Hamartoma

syndrome

SMAD4 189212 Well-established High Juvenile polyposis syndrome (JPS)

STKI11 19pl13.3 Well-established High Peutz-Jeghers syndrome (PJS)

TPS3 17pl3.1 Well-established High Li Fraumeni syndrome

Modified from NCCN Guidelines Version 3.2017 Genetic/Familial High-Risk Assessment: Colorectal

History suggestive of inherited Polyposis oug
>10 adenomas
colorectal cancer > P
Evaluation of type >2 Hamartomatous polyps R
yes and number of polyps > PJS; JPS; Cowden

\ 4

« Personal history of polyposis or
« family history of >1 relative with

> 5 Serrated polyps

\ 4

i ps |

polyposis HNPCC

yes

}A ;I Lynch syndrome |

Microsatellite
instability and/or
MMR proteins loss by

IHC staining

no

> FCCTX |

O Fig. 5.9 Assessment for well-established hereditary syndromes
associated with colorectal cancer. Genetic testing must follow clini-
cal evaluation when appropriate. HNPCC hereditary nonpolyposis
colorectal cancer, M M R mismatch repair, /HC immunohistochemis-

Genotype-phenotype correlations are observed in
FAP [242]. Loss-of-function PVs between codons 1250
and 1464 of the APC gene are associated with the most
aggressive phenotype, characterized by >5000 polyps.

try, FAP familial adenomatous polyposis, 4FAP attenuated familial
adenomatous polyposis, MAP MUTYH-associated polyposis, PJS
Peutz-Jeghers syndrome, JPS juvenile polyposis syndrome, SPS ser-
rated polyposis syndrome, FCCTX familial colorectal cancer type X

Attenuated FAP is correlated with mutations upstream
the codon 157, downstream the codon 1595, and within
the alternatively spliced region of exon 9. Mutations in
the remainder of the APC gene cause an intermediate
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phenotype (hundreds to thousands of adenomas). In
about 10% of patients with the FAP or AFAP pheno-
type, no germline variants in 4 PC gene or its promoter,
or large genomic deletions at APC locus, are detected,
suggesting that additional genetic factors not yet identi-
fied may be associated with these phenotypes [228].

Recently, germline PVs in the proofreading domains
of the DNA polymerase genes POLE and POLDI have
been found in patients with attenuated FAP who
resulted as negative for germline A PC PVs [243]. These
FAP variants were recognized as polymerase
proofreading-associated polyposis (PPAP): neverthe-
less, it is a heterogeneous and still incompletely charac-
terized disease [244].

5.7.1.2 MUTYH-Associated Polyposis

Up to one-third of individuals with suspected FAP/
AFAP but negative for 4 PC mutations are found carri-
ers of biallelic germline MUTYH mutations [245].
MUTYH gene encodes for a glycosylase involved in
base excision repair. MUTYH deficiency results in
genetic instability of several cancer-related genes includ-
ing APC, KRAS, and TP53 [246].

MUTYH-associated polyposis (MAP) follows an
autosomal-recessive inheritance pattern; therefore a
family history of polyposis is rarely evident. The patho-
genesis of MAP-related tumors has phenotypic similari-
ties with FAP [247]. Patients with MAP have a lifetime
risk of CRC ranging from 43% to almost 100% in the
absence of timely surveillance, with a mean age at diag-
nosis of 50

years. They also have an increased risk for extraco-
lonic tumors including duodenal cancer. Biallelic
MUTYH mutations were identified in 1.7% of unselected
CRC cases [248].

Among cases of European ancestry, two founder
missense mutations, ¢.536A > G (p.Tyr179Cys) in
exon 7 and ¢.1187G > A (p.Gly396Asp) in exon 13,
account for at least 90% of all MUTYH pathogenic
variants [249].

In population-based cohorts, monoallelic MUTYH
mutations are found in about 1% of tested individuals.
These heterozygote carriers may also be at moderate
increased risk of CRC (from no to threefold increase,
respectively, as compared to the general population),
although study results are conflicting [250]. Recently it
was shown that lifetime CRC risk in MUTYH heterozy-
gotes was 7.2% for males and 5.6% for females, indepen-
dent of family history. In the presence of a first-degree
relative with CRC, diagnosed by age 50 years, without
confirmed MAP (i.e., untested, no MUTYH pathogenic
variant, or a heterozygous MUTYH pathogenic vari-
ant), the risk of CRC was 12.5% for men and 10% for
women [251].

5.7.1.3 Other Rare Polyposis Syndromes

Not all CRCs develop from adenomatous polyps.
Hamartomatous polyps are peculiar features of Peutz-
Jeghers syndrome (PJS), juvenile polyposis syndrome
(JPS), and Cowden/PTEN hamartoma tumor syndrome.
All these syndromes are rare autosomal dominant con-
ditions, associated with increased risks for gastrointesti-
nal and other cancers, and implicated in less than 1% of
all CRC cases [228].

PJS is caused by mutations in serine threonine kinase
11 (STK11, also known as LKBI), a tumor suppressor
gene involved in the mTOR pathway [252]. The lifetime
cancer risk for affected individuals is estimated at
85-90% at age 70 years, including breast, pancreas,
colon, small intestine, and stomach cancers [253].

JPS is mainly caused by mutations in SMAD4 and
BMPRIA genes, encoding proteins involved in TGF-f
signaling pathway [254]. Mutations in ENG, another
gene in the same pathway, have been reported in some
patients [255]. Individuals with JPS are at increased risk
for both CRC and gastric cancer, with cumulative life-
time risks approaching 40-50% [256].

Cowden syndrome is due to germline mutations in
the phosphatase and tensin homolog (PTEN) gene,
involved in the PI3K/AKT/mTOR signaling pathway
[257]. This syndrome has been associated with a broad
range of cancers, including breast, thyroid, and endo-
metrial; although colon polyps are among the clinical
features of this syndrome, the magnitude of CRC risk
remains unclear [258].

Serrated polyps are premalignant lesions believed
to progress to cancer via alternative pathways, different
from those in adenomas, and to have unfavorable
prognosis. Estimates for CRC risk associated with ser-
rated polyposis syndrome (SPS) range from 7% to 50%
[259]. The genetic basis for SPS remains elusive, prob-
ably due to the clinical heterogeneity among affected
cases. Emerging evidences link mutations in RNF43, a
regulator of ATM/ATR DNA damage response, to
SPS [260].

5.7.2 Hereditary Nonpolyposis Colorectal
Cancer

Most familial clusters of CRC lack the distinctive phe-
notypes associated with adenomatous, hamartomatous,
or serrated polyposis syndromes. Hereditary nonpolyp-
osis colorectal cancer (HNPCC) is a term traditionally
used to encompass a broad spectrum of conditions, with
different genetic etiologies, tumor features, and cancer
risks, characterized by the presence of familial CRC
cases without polyposis [228]. Patients with HNPCC are
defined by clinical criteria, regardless of the results of
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D Table 5.8 Clinical criteria for hereditary nonpolyposis
colorectal cancer (HNPCC)

At least three relatives with CRC and all of
the following:

One affected person is a first-degree relative of
the other two affected persons

Two successive generations affected

At least one case of CRC diagnosed before age
50 years

FAP excluded

Amsterdam
criteria

Modified
Amsterdam
criteria

Same as the Amsterdam criteria, except that
cancer must be associated with HNPCC
(colon, endometrium, small bowel, ureter,
renal pelvis) instead of specifically CRC

Bethesda
guidelines

CRC in a patient <50 years

Synchronous or metachronous CRC or the
presence of other HNPCC-associated tumors?®
regardless of age

Pathologic features of a microsatellite
instability-high cancer (tumor infiltrating
lymphocytes, Crohn’s-like lymphocytic reaction,
mucinous/signet-ring differentiation, or
medullary growth pattern) in a patient <60 years
CRC in one or more first-degree relatives with
an HNPCC-related tumor® with one of the
cancers diagnosed by the age of 50 y
(including adenoma by 40 years)

CRC in two or more first- or second-degree
relatives with HNPCC-related tumors®
regardless of age

4Endometrial, stomach, ovarian, pancreas, small bowel, bili-
ary tract, ureter or renal pelvis, brain, sebaceous gland ade-
noma, or keratoacanthoma

genetic testing. Indeed, these criteria, referred to as
Amsterdam criteria, were first established in 1991, before
the genetic basis for HNPCC was known, and later
modified [261, 262] (B Table 5.8). The most recent and
inclusive criteria, taking into consideration also molecu-
lar and pathologic features, are referred to as the
Bethesda guidelines and are used to specifically diag-
nose Lynch syndrome [263] (B Table 5.8).

5.7.2.1 Lynch Syndrome

Lynch syndrome is the most common cause of inherited
CRC, accounting for about 3% of newly diagnosed cases
of CRC [264]. Patients with Lynch syndrome are at
increased lifetime risks not only for CRC (70-80%) but
also extracolonic cancers including endometrial (50—
60%), stomach (13-19%), and ovarian (9-14%) cancers.
Small bowel, biliary tract, ureter or renal pelvis, brain,
and pancreas cancers are also overrepresented [265].
Sebaceous adenomas and carcinomas of the skin, as
well as keratoacanthomas, can be seen in the Muir-Torre
variant of Lynch syndrome [229].
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This hereditary cancer predisposition is caused by
germline PVs in one of the DNA mismatch repair
(MMR) genes, such as mutL. homolog 1 (MLHI), mutS
homolog 2 (MSH2), mutS homolog 6 (MSHG6), and post-
meiotic segregation increased 2 (PMS2) [266]. The pro-
tein products of these four MMR genes make up
heterodimer complexes that have a critical role in DNA
repair. The complex formed between MSH2 and MSH6
(MutS) recognizes and binds to single nucleotide base
pair mismatches, after which the second heterodimer
complex between MLH1 and PMS2 (MutL) binds to
MutS, triggering “long-patch excision” of all the newly
synthesized DNA within the vicinity of the mismatched
DNA [266].

It is estimated that 80-90% of Lynch syndrome is
attributable to deleterious variants in MLHI and
MSH?2, with the remaining 10-20% due to mutations in
MSH6 and PMS?2 [267]. Moreover, up to 3% of Lynch
syndrome is due to mutations in the epithelial cell adhe-
sion molecule (EPCAM) gene, which is directly upstream
of MSH?2. Deletions of the 3’-end of EPCAM result in
epigenetic hypermethylation of the MSH2 promoter,
producing a phenotype very similar to Lynch syndrome
[268]. Within Lynch syndrome carriers, cancer risk may
vary depending on the specific type of MMR gene muta-
tions. The cumulative incidence of CRC at 70 years of
age is 40-80% for MLHI and MSH2 mutation carriers
but lower, about 10-22%, in MSH6 and PMS2 mutation
carriers. In families with MLHI mutations, age at CRC
diagnosis tends to be slightly younger when compared
with families with other MMR gene mutations, MSH6
and PMS? carriers developing no cancer before 40 years
of age. Risk for extracolonic tumors is higher among
MSH?2 and MSH6 mutation carriers [269]. Overall, the
prognosis for a Lynch syndrome colorectal tumor is sig-
nificantly better compared with sporadic CRCs at the
same stage [270].

Loss of DNA MMR activity results in the rapid
accumulation of mutations which can occur in tumor
suppressor genes or proto-oncogenes, leading to carci-
nogenesis. More than 90% of Lynch syndrome-
associated tumors show ubiquitous mutations in specific
repetitive DNA sequences, known as microsatellites,
and/or lack of expression of at least one MMR protein
[271, 272]. Testing of colorectal tumors for MMR defi-
ciency is performed routinely in the clinical settings,
through microsatellite instability (MSI) assay and/or
immunohistochemical (IHC) staining. Using a panel of
five microsatellite markers, tumors are classified as MSI-
low or MSI-high if 1 or >2 markers, respectively, show
instability. Immunohistochemistry can help to guide
subsequent germline testing because tumor loss of
MSH2, MSH6, and PMS2 expression correlates with
germline PVs in the corresponding gene [271].
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Clinically based criteria for identifying individuals
with Lynch syndrome include Bethesda guidelines and
prediction models available online (MMRpro,
PREMMS, and MMRpredict): however all these crite-
ria show suboptimal sensitivity. Therefore, a universal
screening, in which all newly diagnosed CRC cases have
either MSI or THC testing, has been proposed. The bet-
ter cost-effective strategy would be to limit screening to
all individuals with CRC diagnosed <70 years plus those
>70 years meeting Bethesda guidelines. This approach
improves sensitivity compared to the Bethesda guide-
lines (95% vs 65%) and specificity compared to universal
screening (95% vs 93%) [273].

Although nearly all Lynch-associated CRCs are
MSI-high, this feature is identified in about 15% of spo-
radic CRCs, likely to occur through hypermethylation
of MLHI promoter and BRAF somatic mutations, that
are hallmarks of the serrated pathway of colorectal neo-
plasia. By contrast, Lynch-associated colorectal tumors
are typically BRAF wild-type [229].

Another confounding issue is the occurrence of
tumors showing MSI and/or abnormalities in the expres-
sion of MMR gene proteins on THC testing, in the
absence of germline PVs. Tumors also lack somatic
BRAF mutation or MLHI promoter hypermethylation
and thus resemble Lynch syndrome tumors. These cases
are caused by two somatic mutations in one of the DNA
MMR genes and, although this condition is not famil-
ial, can be referred to as Lynch-like syndrome [274]. The
majority of patients with Lynch-like syndrome had
CRC in the right colon (93%) when compared to those
with Lynch syndrome (45%). In this regard, out of all
patients with left-sided or rectal adenocarcinoma, 96%
had germline mutations in MMR genes [275].

5.7.2.2 Familial Colorectal Cancer Type X

About 40-50% of CRC families that fulfill the HNPCC
Amsterdam criteria are found to be microsatellite stable.
This subgroup of HNPCC is classified as familial
colorectal cancer type X (FCCTX) [276]. CRC risk in
FCCTX families is only moderately increased (twofold),
CRC:s are diagnosed at a slightly older age compared to
those with Lynch syndrome, and the risk of extracolonic
cancer is equal to the average risk population [277]. The
identification of the genetic etiology of FCCTX is chal-
lenging and still unknown. Several candidate genes have
been proposed; however none of them appear to account
for a large proportion of cases [227, 228].

5.7.2.3 Other Genes Associated

with Increased Colorectal Cancer Risk
Risk for CRC might be increased in the setting of germ-
line mutations associated with other hereditary syn-
dromes. Li-Fraumeni syndrome, caused by germline
mutations in the TP53 tumor suppressor gene, confers

increased risk for CRC and has been identified in 1.3%
of individuals with early-onset disease [278]. Similarly,
mutations in breast cancer susceptibility genes BRCAI
and BRCA2 may confer increased risk also for CRC and
have been identified in 1-2% of probands referred for
genetic testing for Lynch syndrome [279]. Emerging evi-
dence showed that germline mutations in other breast
cancer genes, including ATM, CHEK?2, and BLM, may
moderately increase CRC risk (NCCN Guidelines 2017)
[273].

5.8 Hereditary Melanoma

Melanoma is a high-grade, poorly differentiated malig-
nant neoplasm with unfavorable prognosis in the meta-
static stage, accounting for more than 70% of the skin
cancer-related deaths [280]. A familial history of mela-
noma is a strong predictor of melanoma onset. Up to
10% of all cases of cutaneous malignant melanoma
occurs in a familial context. Familial melanoma follows
an autosomal dominant transmission pattern, with
incomplete penetrance and variable expressivity.
Analyses of familial genetic linkage led to the identifica-
tion of two high-penetrance susceptibility genes,
CDKN2A (cyclin-dependent kinase inhibitor 2A) and
CDK4 (cyclin-dependent kinase 4), implicated in cell
cycle arrest and senescence. Rare mutations or deletions
in these genes confer an increased risk of developing
melanoma [281, 282].

CDKN2A is considered the major high-risk mela-
noma susceptibility gene, since germline PVs in this gene
have been described in 25% to 40% of melanoma fami-
lies. CDKN2A maps on chromosome 9p21 and includes
four exons (la, 1p, 2 and 3) encoding for two tumor sup-
pressor proteins called INK4A (p16'™NK4) and ARF
(p192ARF in mice and pl14ARF in humans) [283, 284].
Most germline mutations associated with melanoma
risk are harbored by exons la and 2, suggesting that
pl6INK4a is the preferentially targeted element of
CDKN2A4 [285, 286]. Infrequent deletions on the exon
1p were also identified, indicating that p/4ARF is a sus-
ceptibility gene for melanoma not dependent on
pl6INK4a [287-289]. Even more infrequent intronic
mutations of CDKN2A have also been detected, despite
these represent only very few cases worldwide [290-293].
INKA4A is a cyclin-dependent kinase inhibitor (CDKI)
able to activate the pRB, negatively regulating Cdk4/6
and promoting the progression through the G1/S transi-
tion of cell cycle, while pl4ARF interacts with MDM2,
which usually induces the ubiquitin-dependent degrada-
tion of p53 [294, 295]. Therefore, the defect of the
pl6™K4 function favors CDK4 and CDKG6 activation,
inducing hyperphosphorylation and inactivation of
pRB and activation of E2F1 (8 Fig. 5.10).
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Indeed, numerous epigenetic and genetic studies
demonstrated that INK4A4 is deleted in 50% of mela-
noma cases, inactivated via promoter hypermethyl-
ation in approximately 10% of tumors or by point
mutations in about 9% of cases [296]. Furthermore,
BRAF-activating alterations and functional loss of
pl6!INK4a and p14ARF were detected in the majority of
melanomas [297].

An elevated number of melanoma cases in the same
family, early age of onset, and appearance of multiple
primary melanoma (metachronous or synchronous)
have been shown to be significantly associated with
CDKN2A mutations [298]. Approximately 3-5% of all
patients affected by melanoma will develop additional
primary melanomas in their lifetime. The prevalence of

% Apoptosis

CDKN2 A mutations increases with the number of diag-
nosis of primary melanoma. For familial melanomas
related to CDKN2 A mutations, the overall penetrance is
assessed to be 30% by age 50 and 67% by age 80, despite
the risk is higher in individuals residing in sunnier cli-
mates. Melanoma risk varies based on geographic area,
as reported by studies performed on families with
CDKN2 A mutations from Europe, North America, and
Australia. The causes of these changes are not yet well
understood, but differences in the sun exposure, other
genetic or individual modifications, or a combination of
these components may be found [299, 300]. The fre-
quency of CDKN2A mutation in familial melanoma is
higher in geographical zones at low incidence of mela-
noma as Europe (57%) and North America (45%) than
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those at high incidence as Australia (20%). In these high
incidence areas, a combined effect of mutations in mod-
erate-/low-penetrance susceptibility genes and greater
sun exposure may occur [301].

Germline PVs in high-susceptibility CDK4 gene are
infrequent, as reported in the literature, and prevent the
modulation of the protein by p16™K4 while maintain-
ing the interaction between CDK4 and cyclin D1, caus-
ing the constitutive activation of the complex and
uncontrolled cell proliferation by pRB inactivation and
E2F activation. E2F, in turn, induces the transcription
of S-phase genes, thus promoting cell proliferation [302].
Furthermore, as described by Rane et al., CDK4 muta-
tions support tumorigenesis and induce melanocytes
xenografted into nude mice to escape the cellular senes-
cence mechanisms [303].

Additionally, it was demonstrated that two low-/
intermediate-penetrance susceptibility genes, called
MITF (microphthalmia-associated transcription factor)
and MCIR (melanocortin | receptor), play a significant
role in the melanoma onset. MITF amplification was
observed in 10% of primary melanomas and 20% of
metastatic tumors, and it is associated with reduced
S-year overall survival [304, 305]. MITF is a member of
the MYC supergene family of helix-loop-helix tran-
scription factors and is implicated in survival and prolif-
eration control [306]. It was proposed that increased
MITF expression is correlated with the differentiation
[307], whereas intermediate MITF levels are associated
with proliferation [308] and transient low MITF levels
with a melanoma-initiating cell phenotype [309]. MITF
activity is modulated by posttranslational changes such
as phosphorylation and degradation, through the
ubiquitin-proteasome pathway in response to the activa-
tion of ERK signaling [310]. In patients with a signifi-
cant family history, a germline MITF mutation, called
p-E318K, that gives a fivefold increased melanoma risk
was detected [311, 312]. This alteration confers to mela-
noma cells’ invasive abilities, promoting tumor progres-
sion. MITF can modulate the expression of many genes
implicated in cell survival (HIF-1a, BCL-2, MET, APE-
1) [313-315], cytoskeleton remodeling and migration
[316], and cell proliferation (CDK2) [317]. Moreover,
MITF activity is related to the resistance to apoptosis
induced by ultraviolet (UV) radiations in melanocytes.

MCIR is a transmembrane receptor localized on the
cell surface of epidermal melanocytes, which, under
hormonal stimulation, activates the adenylate cyclase
and cAMP/PKA/CREB pathway [318]. MCIR allelic
variants represent a significant higher risk factor for
melanoma whose onset increases when a CDKN2A
mutation occurs [319]. Differences in the pigmentation
of the skin, hair, and eyes are caused by other low-risk
allelic variants, which thus lead to variations in skin sen-
sitivity to UV radiations, by raising the melanoma risk.

Sun exposure is generally considered the crucial envi-
ronmental risk factor for cutaneous melanoma develop-
ment, following the deleterious interactions between UV
radiations and melanoma cell genome. Indeed, UV radi-
ations may facilitate the melanoma onset by means of
combined genotoxic and mitogenic effects in melano-
cytes [320]. As previously reported, the association of
inherited intermediate-/low-penetrance variants with
environmental factors, such as sun exposure, may induce
the onset of melanoma [321, 322].

Key Points

== Hereditary tumors account for only a small frac-
tion of all the tumors;

= Oncogenes and tumor suppressor genes are
involved in the tumor onset and progression;

== Hereditary predisposition syndromes are associ-
ated with germline mutations;

== Tumor suppressor genes are divided into three cat-
egories: gatekeepers, caretakers and landscapers;

== Susceptibility genes may be at high, moderate, and
low penetrance;

== Carriers of germline pathogenic variants in
BRCAI1 and BRCA2 genes confer a high risk to
develop breast and/or ovarian cancer;

== BRCA genetic testing has also a predictive value
in PARPI therapy response in ovarian, pancreatic,
and prostate cancer patients;

= 5% of colorectal cancer cases are associated with
high-penetrance mutations related to known
hereditary syndromes;

== Genetic susceptibility to CRC includes well-defined
inherited syndromes such as Familial Adenoma-
tous Polyposis (FAP), MUTYH-Associated Pol-
yposis (MAP), Lynch syndrome, and other less
common syndromes;

== FAP, caused by an APC germline pathogenic vari-
ant, is a rare autosomal dominant condition which
accounts for about 1% of CRC cases;

== Individuals with suspected FAP but negative for
APC mutations may be carriers of biallelic germ-
line MUTYH mutations;

= MAP follows an autosomal recessive inheritance
pattern;

== Lynch syndrome (LS) is the most common cause
of inherited CRC, accounting for about 3% of
newly diagnosed cases of CRC;

= LS follows an autosomal dominant inheritance
pattern with incomplete penetrance and includes,
beyond colorectal and endometrial cancer, a broad
spectrum of LS-associated cancers;

= LS is caused by germline pathogenic variants in
one of the mismatch repair genes, such as MLHI,
MSH2, MSH6, and PMS2, or in EPCAM gene;
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= Up to 10% of all cases of cutaneous malignant
melanoma occurs in a familialcontext;

= CDKN2A and CDK4 are two high-penetrance
susceptibility genes conferring high risk of devel-
oping hereditary melanoma.
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@ Learning Objectives

By the end of the chapter the reader will

== Have learned the basic concepts of potential clini-
cal application of liquid biopsy

== Have reached knowledge about circulating tumor
cells, circulating nucleic acids, and micro-vesicles

== Have learned the clinical utility of liquid biopsy in
non-small cell lung cancer

6.1 Liquid Biopsy

In the last years, cancer patients’ management has been
completely revolutionized thanks to a better compre-
hension of the biological processes underlying the tumor
development and progression. Indeed, we know that
some tumors are “oncogene addicted” [1-3], meaning
that they are strictly dependent on a hyper-activated
oncogene for their own survival. Moreover, a pharmaco-
logical agent, able to specifically target specific onco-
gene, is efficient to selectively block cancer cells sparing
normal cells from toxicity. Therefore, clinicians have
changed the way to select and treat the patients, moving
from one-fits all strategy to the so-called precision medi-
cine, based on proper patient’s selection [4].

Nowadays, treatment decision is strictly dependent
on the tumor molecular characterization; thus, the path
of cancer patients’ survival is tissue dependent, but this
may have several limitations [5]. A single tissue biopsy
represents only a snapshot limited in time and space.
Tumors generally originate from one single cell clone;
nevertheless, during evolution toward advanced stage
tumor cells can acquire new molecular alterations, origi-
nating a new resistant disease. Therefore, tumors are not
uniform diseases but heterogeneous entities consisting
of clones, with different genetic and molecular charac-
teristics. This phenomenon is defined as tumor heteroge-
neity, and it is one of the main causes of treatment
failure [6]. A better comprehension of tumor heteroge-
neity is critical to develop new therapeutic strategies.

One of the main medical needs is to develop nonin-
vasive or minimally invasive and dynamic tools that can
allow a strict patients’ follow-up at different time points,
and the term “liquid biopsy” encompasses this charac-
teristic [7]. The term liquid biopsy includes several
tumor components that can be detected in almost all
biological fluids (plasma, serum, saliva, urine, and effu-
sion liquids). The aim of liquid biopsy is to detect and
analyze biological material originated within and from
the tumor. The principal liquid biopsy components are
circulating nucleic acids (circulating tumor DNA, circu-
lating microRNA, circulating RNA), circulating tumor
cells (CTC) and extracellular vesicles (exosomes and
microvesicles) [8]. The information acquired through

liquid biopsy can be either diagnostic, prognostic, or
predictive as it can be used for the early detection of a
specific malignancy, for monitoring its progression, its
response to therapy, the arousal of resistant clones, or its
relapse following complete remission (monitoring mini-
mal residual disease, MRD) [9, 10] (B Fig. 6.1).

6.1.1 Circulating Nucleic Acids (CNAs)

Circulating nucleic acids (CNAs), such as circulating
tumor DNA (ctDNA) and circulating microRNA
(miRNA), represent promising biomarkers in several
diseases, including cancer, and can be isolated from
many body fluids. Among these biological fluids, blood
represents one of the most investigated sources for
CNAs due to the very simple and minimally invasive
way of sampling. A blood withdrawal can be frequently
repeated at different time points and can therefore be
used for a real-time monitoring of the disease. Actually,
liquid biopsy is not completely new, for instance, the
assessment of breast cancer genes (BRCA[-2) germinal
mutations is carried out starting from buffy coat
obtained by a blood sample. Today, the newest and most
fascinating application of liquid biopsy is represented
by the analysis of “somatic component” (B Fig. 6.2)
shared in the bloodstream directly from the primary
tumor and related metastases, in active (e.g., microvesci-
cles) or passive (apoptosis or necrosis) ways. A somatic
mutation is present only in the tissue where it originates
and cannot be transferred to the progeny, therefore it is
an exclusive mutation of the tumor [11].

CNA s are released from both tumor and normal cells,
but it has been extensively demonstrated that in cancer
patients their concentration is greater [12—14]. The mech-
anisms of CNAs spread are not fully understood, but
some hypothesis have been made. Some evidences indi-
cate that CNAs are released through a passive mecha-
nism; under physiologic conditions, phagocytes efficiently
clear apoptotic and necrotic cells debris. This does not
happen inside a tumor mass, leading to cell debris accu-
mulation and shedding into the circulation. It has been
also postulated an active mechanism driven by extracel-
lular vesicles, such as exosomes, according to which
CNA s are packed inside vesicles and actively secreted by
cells. This seems to be more realistic for miRNAs,
whereas for DNA, there are still conflicting data [15-18].

6.1.1.1 Circulating Tumor DNA (ctDNA)

Circulating cell-free DNA (cfDNA) is highly fragmented;
it has been shown that the length of cfDNA fragments is
often between 200 and 180 base pairs, suggesting that

apoptosis likely produces the majority of cfDNA in cir-
culation [19-21]. Circulating tumor DNA (ctDNA) is
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O Fig.6.3 Targeted and
untargeted approaches for
circulating tumor DNA
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part of the cfDNA deriving from the tumor mass. The
easiest way to identify ctDNA is to investigate the pres-
ence of somatic driver mutations, which can be exclu-
sively found on tumor. Several methods have shown that
the fraction of ctDNA varies greatly, between 0.01% and
more than 90% [19]. Currently, it is well established that
different tumor types do not release the same ctDNA
amount, and, even in patients with the same disease, the
ctDNA concentration may differ consistently [22, 23].

In healthy subjects, plasma cfDNA concentration is
ranging from 0 to 100 ng per ml of blood, with an aver-
age of 30 ng per ml [24], whereas in cancer patients, is
ranging from 0 and to over 1000 ng per ml of blood,
with an average of 180 ng per ml [25]. Several pre-
analytical variables, such as blood collection and han-
dling, extraction protocols, and storage temperature,
may affect the quantity and quality of ctDNA impairing
its analysis [26, 27]. Even if in the majority of clinical
trials plasma is the main source of ctDNA, it is still
questioned whether serum could be used. Indeed, it has
been reported that the amount of ctDNA in serum can
be 2-24 times higher than in plasma. This can be a con-
sequence of the clotting process that causes white blood
cells breaking, finally leading to the release of wild-type
DNA [28]. This phenomenon determines a further dilu-
tion of tumor-specific DNA, making it even more diffi-
cult to detect. However, it has been reported that in
some cases, it might be advantageous to analyze both
serum and plasma, as this increases, with respect to
tissue-based analysis, the chances to detect the specific
mutation [29]. To avoid ctDNA contamination with
wild-type background DNA, it is important to minimize
the time that elapses between blood withdrawal and
plasma recovery to reduce the possibility of white blood
cells lysis. Plasma can be stored for long period at —80 °C
or immediately processed for ctDNA extraction [30].

> Next Generation Sequencing
> Whole genome Sequencing

> Exome Sequencing

. 4

Circulating tumor DNA can be analyzed using two
different approaches: a targeted approach and an untar-
geted approach (B Fig. 6.3).

The targeted approach relies on the possibility to
analysis known genetic mutations that occurs in hotspot
regions of specific genes with implications for therapy
decisions (e.g., in Kirsten rat sarcoma viral oncogene
homolog (KRAS), epidermal growth factor receptor
(EGFR), and v-Raf murine sarcoma viral oncogene
homolog B1 (BRAF) genes in colon, lung, and melanoma
tumors). Among these methods, we can include real-time
PCR, digital PCR (dPCR), droplet digital PCR (ddPCR),
BEAMing, and targeted next-generation sequencing
(NGS). In the untargeted approach, it is possible to ana-
lyze ctDNA regardless of the presence of specific muta-
tions. This can be achieved through whole genome or
whole exome sequencing using NGS platforms [31].

Liquid Biopsy in Clinical Practice: The Paradigm
of Non-Small Cell Lung Cancer (NSCLC)

To better explain the utility of liquid biopsy in clinical
practice, we can consider the paradigm of non-small cell
lung cancer (NSCLC) patients. Indeed, in NSCLC
patients, the evaluation of specific predictive biomarkers
is mandatory for the choice of the most personalized
targeted therapy. In particular, EGFR-activating muta-
tions are predictive of response to first-, second-, and
third-generation tyrosine kinase inhibitor (TKI) drugs
(e.g., erlotinib, gefitinib, afatinib and osimertinib) with
EGFR mutational status being routinely tested.
Moreover, the discovery of the EML4-ALK fusion gene
leads to the development of crizotinib, another TKI
used in NSCLC treatment when this fusion is detected
[32]. Despite these targeted therapies have profoundly
improved NSCLC patients’ outcome, they inevitably
experience tumor progression and recurrence. As previ-
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ously mentioned, resistance onset is frequently due to
the acquisition of new molecular alterations such as
additional mutations or amplifications (B Fig. 6.4) [33].

In some instances, these alterations have been already
characterized, and pharmaceutical companies have devel-
oped new targeted agents able to overcome the resistance.
Almost 50% of patients treated with erlotinib or gefitinib
develop a resistance through the acquisition of the EGFR
exon 20 p. T790M mutation.

More recently, osimertinib, a third-generation
EGFR-TKI, has been developed and registered for
clinical use to overcome p.T790M-associated resistance
in advanced NSCLC patients [34, 35]. The phase 111
AURA 3 study has shown a significant survival benefit
in favor of osimertinib over platinum chemotherapy in
NSCLC patients who progressed to prior EGFR-TKI
and were p.T790M positive [36]. Since the introduction
of this new drug, the re-evaluation of EGFR molecular
status at disease progression in TKI-treated patients is
mandatory. However, in the FLAURA study, osimer-
tinib has recently showed to improve survival rates
over first-generation TKIs in the first-line treatment
of EGFR-positive patients with common mutations
in exons 19-21, thus reshaping the second-line assess-
ment of resistant p. T790M mutation [37]. As previously
reported, re-biopsy is not often achievable, and liquid
biopsy may represent an alternative tool. The AURA 3
trial supported the feasibility of EGFR p. T790M assess-

EGFR T790M
50%

ment starting from derived plasma ctDNA. Indeed,
progression-free survival (PFS) rates reported for the
tissue and ctDNA-based p. T790M evaluation overlap
[36]. Following this impressive result, the liquid biopsy
(in particular ctDNA) has become part of NSCLC
patients’ clinical practice. In particular, it can be used in
two different clinical settings in patients with advanced
NSCLC (stage IIIB-C and 1V) to detect EGFR activat-
ing and resistance mutations:
1. At the time of diagnosis in naive patients when tissue
is not available (B Fig. 6.5)
2. At the time of disease progression according to
RECIST criteria after TKI treatment (8 Fig. 6.6)

In the first clinical setting, liquid biopsy represents a
valid option when no tissue samples are available
(B Fig. 6.5) to assess EGFR mutational status for
EGFR-TKI patients treatment selection. Conversely to
EGFR, where robust data were reported, the assessment
of other genomic alterations using ctDNA in treatment-
naive patients is still limited. However, as endorsed by
most international scientific societies, the detection of
an actionable alteration in ctDNA, if using a validated
assay, would eventually represent sufficient evidence to
initiate targeted treatment, albeit not without reim-
bursement variations among all the different countries.
Nonetheless, a negative finding of either EGFR or other
genomic alterations using ctDNA should be considered
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First clinical scenario

O Fig. 6.5 First clinical scenario: naive patients at diagnosis. The
flowchart is a simplification of the path to follow in case of available
tumor sample (on the left) and no available tumor sample (on the right).
‘When tissue sample is available, it is recommended to test at minimum
for EGFR and BRAF mutations, ALK and ROS]I translocations, and
PDLI1 expression. According to the results, patients are treated with

not conclusive, and, when feasible due to patients’ per-
formance status, a tissue re-biopsy should be performed
(8 Fig. 6.5) [38].

In the second clinical setting, ctDNA analysis could
be used to detect a wide range of potentially actionable
resistance alterations (B Fig. 6.6).

Specifically, as concerns the EGFR-mutated disease,
when progressing after the first-line treatment based on
first- and second -generation TKIs (B Fig. 6.7), liquid
biopsy can be implemented as a first approach to detect
p-T790M mutation. It is recommended to test both the
activating mutation originally detected and the resis-
tance mutation, since this foresight can significantly
reduce the rate of false-positive results while addition-
ally providing useful information regarding the ctDNA
sharing rate of the specific analyzed patient’s tumor. If
the analysis on liquid biopsy is positive for the p. T790M
mutation, the patients can be treated with third-
generation TKI. Otherwise, when the test is negative, it
is recommended to obtain a tissue biopsy and to test it
for p.T790M mutation. Considering the tissue-based
analysis as a gold standard, about 30% of p. T790M neg-
ative tests are false negative (FIN), and this may be due

Naive patients

Actionable genomic
alteration

Tissue re-
biM" '

TKI, chemotherapy (CT), or immunotherapy. When tissue sample is
not available, it is possible to use liquid biopsy to detect EGFR-activat-
ing mutations or eventually other actionable genomic alterations; if the
test is positive, the patients can be treated with a targeted treatment; if
negative, the patient should undergo a tissue re-biopsy when feasible
and, if the negative result is ultimately confirmed, to systemic treatment

to disease metastatic sites. Indeed, the location of meta-
static sites significantly influences the diagnostic accu-
racy of ctDNA analysis in detecting £EGFR mutations,
and therefore, this parameter (intrathoracic vs. extra-
thoracic disease) should be considered for proper test
interpretation and reporting [39].

With the increasing up-front use of osimertinib, the
detection of p.T790M mutation in this setting becomes
of secondary importance, since its loss has been usually
associated with early resistance to osimertinib according
to the drug mechanism of action [40]. Even if the muta-
tional status of p.T790M could be readily monitored in
plasma in order to precede a proven radiological progres-
sion of disease, other multiple resistance mechanisms
need to be considered in this regard. Further implemen-
tation of liquid biopsy in monitoring the response to
osimertinib and detecting the wide spectrum of molecu-
lar alterations responsible for treatment failure (either
EGFR dependent or independent) is warranted and
eagerly awaited in both ongoing and future clinical trials
(8 Fig. 6.7). In this context, liquid biopsy using ctDNA
analysis has proved to be feasible and reliable for detect-
ing most of genomic alterations [40].
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O Fig.6.6 The potential use of
the liquid biopsy in patients
progressing during TKI
treatment
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Second clinical scenario

NSCLC pts at PD after 1st-
line treatment based on TKI
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It has been reported that the appearance of the p.
T790M in blood precedes disease progression by months
[41] (B Fig. 6.8). Seems that we are able to distinguish a
molecular progression, defined by the appearance of the
p-T790M in the bloodstream, and a radiological pro-
gression, following the response evaluation criteria in
solid tumors (RECIST) version 1.1 (B Fig. 6.7).

Therefore, the current dilemma is when it is more
appropriate to switch from first/second to third- genera-
tion TKIs in order to maximize treatment response. The
ongoing APPLE trial (EORTC1613) aims to evaluate
the best strategy for sequencing gefitinib and osimer-
tinib. This trial is a randomized, open-label, multicenter,
three-arm, phase II study in advanced, EGFR-mutant
and TKI-naive NSCLC patients [42]. Patients who are
EGFR-TKI treatment naive and eligible to receive first-
line treatment with EGFR-TKI will be randomized to:

= Arm A: osimertinib until disease progression accord-
ing to RECIST v1.1

= Arm B: gefitinib until emergence of ctDNA p. T790M
mutation and then switch to osimertinib until disease
progression according to RECIST

= Arm C: gefitinib until disease progression according
to RECIST and then switch to osimertinib until sec-
ond radiologic disease progression

In all arms, plasma ctDNA p.T790M test will be per-
formed but applied as a predictive marker for making
treatment decisions only in arm B.

Although third-generation TKIs are the most
advanced drugs we have, even in this case, the tumor
adapts by expressing new alterations that make it resis-
tant to these drugs (B Fig. 6.9). Asshowed in @ Fig. 6.9,
at resistance after osimertinib approximately 30% of
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O Fig. 6.7 EGFR-positive NSCLC patients at PD after first-line
TKIs. In the case of first- or second- generation EGFR TKIs (on the
right), liquid biopsy can be used as a first approach to look for
p-T790M mutation. If the test is positive, the patients can be treated
with third-generation TKI. When the test is negative, it is recom-
mended to obtain a tissue biopsy and to test it for p.T790M muta-
tion. Nevertheless 30% of p.T790M negative tests are false negative
(FN). Moreover, the location of metastatic sites significantly influ-

patients maintain p.T790M, while the remaining 70%
loss this mutation [43].

Among patients with maintained p.T790M muta-
tion, the most frequent resistance mechanism is due to
the development of the p.C797S mutation, resulting in
an amino acid substitution at position 797 in EGFR,
from a cysteine (C) to a serine (S) and occurs within
exon 20. It has been observed that the allelic context in
which p.C797S mutation is acquired may predict respon-
siveness to alternative treatments, and therefore, this
information could have therapeutic implications for
patients [44]. If the p.C797S and p.T790M mutations are
in trans (different DNA strand, different allele), cells will
be resistant to third-generation EGFR TKIs but will be
sensitive to a combination of first- and third-generation
TKIs. Whereas when the mutations are in cis (same
DNA strand, same allele), no EGFR TKIs alone or in
combination can suppress activity [45, 46] (B Fig. 6.10).

Patients with loss of p. T790M show a more heteroge-
neous pattern of resistance mechanisms including small
cell lung cancer (SCLC) transformation, mesenchymal
to epithelial transition (MET) gene amplification, other

———
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- generation TKT
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EGFR T790M
testing on ctDNA
T790M+ T790M-
3rd generation Rebi M
TKI | opsy. Metastatic site
influences sensitivity
of ctDNA testing
T790M-

T
e

ences the diagnostic accuracy of ctDNA analysis in detecting EGFR
mutations, and therefore this parameter (intrathoracic vs. extra-tho-
racic disease) should be considered for proper test interpretation and
reporting [39]. In the case of progression on third-generation TKI
(on the left), patients should undergo standard chemotherapy or fur-
ther mutational analysis in the context of clinical trials looking for
other actionable/resistance mutations

rare gene fusions (involving rearranged during transfec-
tion (RET), fibroblast growth factor receptors (FGFR),
or BRAF genes) and mutation in KRAS, phosphati-
dyllnositol-3-Kinase (PI3KCA), and BRAF genes. In
this context, liquid biopsy can be used to track the occur-
rence of such alterations and once again to provide
information that can be useful for patient management.

As previously mentioned, osimertinib is active
against both activating and resistance EGFR mutations.
The FLAURA phase 3 trial has indeed compared
osimertinib with standard EGFR-TKISs (first-generation
TKIs, gefitinib, and erlotinib) in patients with previ-
ously untreated advanced NSCLC harboring EGFR
activating mutation [47]. Investigators concluded that
osimertinib shows superior efficacy to that of standard
EGFR-TKIs in the first-line treatment of FEGFR
mutation-positive advanced NSCLC. Therefore, it is
now questioned which are the resistance mechanisms
arising after first-line treatment with osimertinib. As
expected, no acquired p.T790M mutation was detected
upon resistance to osimertinib [48]. The most frequent
resistance mechanisms reported are MET amplification
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D Fig. 6.9 Acquired resistance to second-line treatment with
osimertinib: after treatment with osimertinib at resistance approxi-
mately 30% of patient maintain p. T790M mutation and acquire also
the p.C797S mutation (on the right). Approximately 70% of patients

(19%), p.C797S mutation, (15%), human epidermal
growth factor receptor 2 (HER2) amplification (5%),
PI3KCA, and RAS mutations (5% and 2%, respectively)
(8 Fig. 6.11).

Maintained T790M

C7975-
31%

C7975+
69%

lose p.T790M, but they acquire multiple and different alterations
(small cell lung cancer transformation, gene mutations, mesenchy-
mal to epithelial transition (MET) gene amplification and other rare
fusion genes)

Interestingly in preclinical models when p.C797S
develops in cells wild type for p.T790M (when third-
generation TKIs are administered in the first-line set-
ting), the cells are resistant to third- generation TKIs but
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B Fig. 6.10 Visual representation of p.T790M/C797S cis vs. trans
configuration and the putative trend of these mutations in liquid
biopsy. a. cis configuration: both mutations arise in the same DNA
strand; therefore tumor cells are resistant to both first- and third-
generation TKIs. If a combination of these TKIs is used, the analy-
sis of ctDNA should reveal a parallel increase of both p.T790M and

retain sensitivity to first/second-generation TKIs [44].
This finding opens new therapeutic perspectives
(B Fig. 6.12). EGFR-mutated NSCLC (deletions in exon
19, p.L858R) patients can be either treated with first/sec-
ond or third-generation TKIs. In the first case (left side of
@ Fig. 6.12), patients experience resistance due to p.
T790M and will be consequently treated with third- gen-
eration TKIs. Upon resistance development, the main
acquired resistance mutation is p.C797S, with two possi-
ble configurations (cis and trans) that have different clini-
cal implications. In case of cis configuration, the
combination of first/second- and third-generation TKIs
is ineffective, whereas in trans configuration, the same
combination may be effective. The other treatment option
in naive EGFR-positive patients is third-generation TKI
in first-line setting (right side of @ Fig. 6.12); the devel-
opment of p.C797S mutation is the main resistance
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p-C797S mutations, demonstrating treatment inefficacy. b. trans con-
figuration: mutations are present in different DNA strands. In this
case, tumor cells are sensitive to both first- and third-generation
TKIs when administered simultanecously. Therefore, liquid biopsy
analysis should reveal a parallel decrease of the both p.T790M and
p-C797S mutations, demonstrating treatment efficacy

mechanism, within this case the tumor is sensitive to
treatment with first/second-generation TKIs that can
therefore be used as therapeutic strategy.

In lung cancer, ctDNA testing can also have a prog-
nostic significance. It has been demonstrated that there
is a significant statistical correlation between survival
and allele fraction of circulating p.T790M before and
after EGFR-TKI administration. Indeed, the dynamic
modification of circulating p.T790M mutation in
ctDNA in TKI-treated patients is associated with both
PES and overall survival (OS) [49]. Interestingly, it seems
that also ctDNA concentration could be a good prog-
nostic marker; indeed the high levels of ctDNA, regard-
less to mutational profile, are associated with decreased
survival [50]. Furthermore, OS seems to be strictly cor-
related with a number of variants detected in plasma.
Several variants greater than three determined an OS
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O Fig.6.11  Acquired
resistance to first-line treatment
with osimertinib: the most
frequent resistance mechanism is
MET amplification (19%)
followed by p.C797S mutation,
(15%), HER2 amplification (5%),
PI3KCA, and RAS mutations
(5% and 2%, respectively)

O Fig.6.12 New therapeutic
perspectives in EGFR-positive
NSCLC patients. In the first-line
setting, both third- and first/
second-generation TKIs are
available. Upon resistance to
third-generation TKIs (right
side), the acquired mutation is
p-C797S; in this case, cells are
resistant to third-generation
TKIs but retain sensitivity to
first/second-generation TKIs.
Resistance to first/
second-generation TKIs is due
to p.T790M; in this case, the
tumor is sensitive to
third-generation TKI. At
resistance development, cells
acquire p.C797S mutation in cis
or trans configuration. In the
first case (cis), tumor will not
respond to a combination of
first/second-generation TKIs; in
the second case (trans), the same
combination may be a
therapeutic option
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reduction, giving thus a poorer prognosis. Therefore, it
seems that mutational load itself may be a good prog-
nostic marker. In this scenario, biomarker investigations
have become one of the most interesting and studied
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fields of translational lung cancer research with the aim
to estimate patients’ prognosis, to monitor treatment
response and to eventually predict both treatment effi-
cacy and tumor recurrence.
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6.1.1.2 Circulating microRNA

Circulating miRNAs are promising disease biomarkers
and have been deeply investigated; however, technical
aspects of miRNA isolation, measurement, and quanti-
fication still represent critical steps. Sample processing,
isolation, hemolysis in blood samples, and the lack of
stable reference gene are among the most important
critical issues [51]. The most common sources of circu-
lating miRNAs are plasma, serum, urine, and saliva but
also microvesicles and exosomes [52]. Nevertheless, the
concentration of circulating miRNA in body fluids is
very low, and therefore isolation and miRNA enrich-
ment are very delicate and and important procedure that
can impair downstream analysis. MicroRNAs can be
analyzed through different quantitative methods, real-
time PCR [53, 54], digital PCR, microarray, and also
NGS. The introduction of miRNA-seq through NGS
offers the opportunity to assess both known and
unknown miRNAs, and this technique is very useful for
miRNA discovery. Nevertheless, the major limitation of
using routinely NGS is strictly correlated to its high
costs as well as time-consuming. Moreover, it generally
requires big amount of input RNA [55-58].

Several miRNAs have been suggested as noninva-
sive tool for NSCLC screening; however the numerous
proposed miRNA signatures are inconsistent and still
need to be properly validated in clinical setting [59].
Circulating miRNA in NSCLC seems to have a prog-
nostic significance. MiR-34a and miR-34c in plasma
are positively associated with that in tumor tissue and
are also associated with disease-free survival (DFS)
and OS. In particular miR-34a high expression is cor-
related with prolonged DFS and OS [60]. According
to literature data, a recent systematic review showed
that four circulating miRNAs showed high sensitivity
(>80%) and AUC (>0.80) as biomarkers of stages I
II NSCLC. Additionally, four other miRNAs showed
high specificity (>90%); by combining this two miR-
NAs panel, it is possible to reach an overall sensitivity
of 92% and an overall specificity of 93% for stages I-11
NSCLC [61]. Nevertheless, these and other circulating
miRNAs suggested for NSCLC screening require vali-
dation in multiple independent studies before they can
be proposed for clinical application. Many studies have
suggested the miRNAs are also involved in sensitivity
regulation to EGFR-TKIs. Indeed it has been shown
that circulating miRNAs are differentially expressed
when comparing TKI sensitive and TKI-resistant
patients [62].

6.2 Circulating Tumor Cells (CTCs)

Circulating tumor cells (CTCs) have been identified
almost half a century ago, when it was noticed that some
cancer cells have the capacity to detach from the tumor
tissue and floating in the bloodstream [63]. These cells
bear the potential to seed the disease to other sites, and
therefore they are responsible for metastasis develop-
ment [64]. Interestingly almost 90% of all cancer deaths
arise from the metastatic spread of primary tumors. The
metastatic process evolves through four main steps:
local invasion, intravasation, extravasation, and coloni-
zation [65, 66]. Nevertheless, we are still far from under-
standing how to block this crucial event.

CTC precursors have the capacity to overcome the
basal membrane and the extracellular matrix through
the secretion of proteases [67]. Another important fea-
ture of CTCs is the capacity to undergo epithelial-to-
mesenchymal transition (EMT) by repressing expression
of E-cadherin and cytokeratin as well as inducing vimentin
and N-cadherin. Once CTCs intravasate onto the blood-
stream, they can reach distant site where they can finally
extravasate and establish a metastatic lesion (B Fig. 6.13).

CTCs can be isolated either as single cells or clusters;
nevertheless some evidences show that in breast cancer
patients, CTC clusters have a more aggressive behavior
with higher metastatic potential compared to single cells
[68]. These clusters can be composed by just neoplastic
cells or associated with fibroblasts, leukocytes, endothe-
lial cells, and platelets [69]. CTCs represent a valid tumor
marker in many tumor types, and they can be useful for
disease progression monitoring but also for treatment
response evaluation. Indeed the number of CTCs is cor-
related with tumor size and stage, and consequently, the
dynamic modification during treatment administration
may reflect therapy efficacy [70, 71].

There are different approaches for CTC isolation
and detection. Isolation techniques are used for CTC
enrichment from whole blood samples; indeed, the num-
ber of CTCs ranges from 1 to 10 per mL of blood. CTC
selection and be achieved by exploiting both their bio-
logical and physical properties (B Fig. 6.14) [72].

Immunomagnetic methods exploit some CTCs bio-
logical characteristics to achieve their detection. With
these approaches, it is possible to couple isolation and
detection phases; isolation is based on the identification
of specific membrane markers, while detection can be
obtained through several methods including immuno-
fluorescence and flow cytometry.
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Currently the election method for CTCs analysis is
the CellSearch System (Veridex) that received the US
Food and Drug Administration (FDA) approval in
2013. This is a simple method that evaluates the expres-
sion of both membrane epithelial cell adhesion molecule
(EpCAM) and the cytoplasmic epithelial cytokeratin

(CK-8, —18, and —19) markers on CTCs. Moreover
CD45* leucocytes are negatively selected and excluded
from the analysis, whereas the nuclei of CTCs are evalu-
ated using DAPI stains [73] (B Fig. 6.15).

These immunostainings are revealed through fluores-
cence imaging with CellTracks system; marked cells are
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Ferrofluids binds only to CTCs
surface

Ferrofliuds are trapped by a
magnet, CTCs are
consequently recovered

Other cells are not ligated to
ferrofluids and are discarded

O Fig. 6.15 Schematic diagram of CellSearch system technology.
CTCs express EpCAM and CK on their surface. Peripheral blood
(7.5 mL) is mixed with magnetic iron nanoparticles (ferrofluids)
coated with anti-EpCAM and anti-CK antibody to confer CTC mag-
netic properties. Leukocytes are negatively selected using anti-CD45
antibody. After incubation, the mixture of CTCs and ferrofluids is
exposed to a magnetic field; CTCs coated with ferrofluids are conse-
quently isolated and further analyzed, while other cells (including
leukocytes) are discarded. In addition, cell nuclei are fluorescently
labeled with the DAPI nuclear dye (4’,6-diamidino-2-phenylindole)
to allow microscopic identification of the relevant cell fraction

counted through flow cytometry. An interesting device
recently developed is the CellCollector, GILUPI. This
device could potentially have a very good application in
clinic since it is intended for in vivo detection of CTCs.
The device is composed by a stainless steel wire of 16 cm
coated with anti-EpCAM antibodies that can be placed
for 30 minutes directly in the vein (B Fig. 6.16).
Performances of the CellCollector® device were first
tested in 12 breast cancer and 12 NSCLC cancer patients
compared to 29 healthy volunteers; this study showed
that CTCs could be isolated across all tumor stages,

Target cell

<— EpCAM

Anti-EpCAM \

1

20mm long gold-coated tip
of the stainless steel
guidewire which is in direct
contact with blood
circulation

B Fig. 6.16 Schematic representation of the CellCollector,
GILUPI. The device is composed by a stainless steel wire of 16 cm
coated with anti-EpCAM antibodies that can be placed for 30 min-
utes directly in the vein

including early-stage cancer, in which distant metastases
were not yet diagnosed, while no CTCs could be detected
in healthy volunteers [74]. Same results were obtained in
prostate cancer patients [75].

Other developed methods exploit CTCs physical
characteristics, for instance, size, membrane charge, and
density. CTCs measure 7-18 pm in diameter, are larger
than leukocytes, and for this reason, it is possible to sep-
arate them using specific filters, chemical materials, or
through centrifugation. One of the main advantages of
this approach, compared to immunomagnetic-based
technology, is to yield a greater number of isolated cells.
Nevertheless, this advantage can turn onto a disadvan-
tage, as it is possible that other cell types are recovered
and wrongly counted as CTCs. To avoid this inconve-
nient, it is fundamental to characterize CTCs after the
isolation phase. Among size-based methods, the ISET
(isolation by size of tumor cells) system is one of the
most used. ISET allows the collection of tumor cells
based on their larger size, as cells are enriched by blood
filtration through filtering membranes with calibrated
pores 8 um in diameter [76] (B Fig. 6.14). A direct com-
parison between CellSearch System and ISET showed
that there is an important discrepancy between the num-
bers of CTC enumerated by both techniques. Indeed
among 60 patients with metastatic breast, prostate, and
lung carcinomas, the concordance between the two tech-
niques was 55%, 60%, and 20%, respectively. Therefore,
the discrepancies were mainly dependent by tumor type,
with lung cancer showing the lowest concordance [77].
As previously mentioned after isolation through the
ISET technology, it is necessary to further characterize
isolated cells, both at a cellular level (microscopy, immu-
nofluorescence, hematoxylin-eosin staining, etc.) and at
molecular level. In the last case, it is necessary to extract
nucleic acids (mRNA, DNA, miRNAs) from isolated
cells and proceed with further analysis, for example,
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O Fig.6.17 Schematic
representation of exosome
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through next- generation sequencing or real-time PCR
[78]. Another interesting method for CTC isolation is
dielectrophoresis; it is based on the evidence that cells in
suspension are characterized by a specific conductivity.
It is therefore possible to separate cells by applying to
the suspension a specific electric field. Nowadays, the
DEPArray is used to identify stem cells, leukocytes,
platelets, cancer cells, and also viable CTCs [79].
Several studies have investigated the role of CTCs in
NSCLC, with the aim to explore the potential of CTCs
analysis for early diagnosis and outcome prediction.
These studies have mainly confirmed that a greater num-
ber of CTCs are associated with poor prognosis in both
early and advanced NSCLC stages [80-85]. Moreover, it
has been demonstrated that the reduction of CTC num-
ber after chemotherapy administration is a surrogate
biomarker of treatment response [86]. Finally the molec-
ular profiling of single CTC in NSCLC might provide
important information on tumor biology and on the
mechanisms involved in tumor dissemination and in
acquired resistance to targeted therapies [87, 88].

6.3 Exosomes

Exosomes are small membrane vesicles of endocytic ori-
gin and were initially isolated from the peripheral circu-
lation of patients with cancer in 1979 [89]. These
microvesicles are able to shuttle information between
cells, even between distant sites, by a direct interaction

with surface-expressed ligands, by fusion with target cell
membrane or by phagocytosis (B Fig.6.17).

Conversely to larger microvesicles, which are directly
shed from the plasma membrane, exosomes derive from
the intracellular endosomal compartment. Early endo-
some matures into late endosome, and finally exosomes
are generated by a process of inward budding from the
limiting membrane. Through this mechanism, several
cytoplasmic components, such as miRNA, mRNA, pro-
tein, and even DNA fragments, are encapsulated into
exosomes. Interestingly it has been shown that exosomal
RNA determines horizontal transfer of genetic informa-
tion between cells [90]. Moreover, transmembrane pro-
teins maintain the same orientation relative to the
cytoplasm and plasma membrane. In a second step, mul-
tivesicular endosomes fuse with the cellular membrane
to release the exosomes into the extracellular space [91].

In recent years, exosome involvement in cancer has
aroused much interest, and it seems clear that they can
have different roles in cancer. On one side, exosome is able
to manipulate local and systemic environment, thus favor-
ing cancer growth and dissemination; on the other, they
modulate immune system to elicit or suppress an antitu-
mor response [92]. Another emerging utility of exosome
regards the possibility to engineer them to specifically
vehicle drugs inside tumor cells [93]. Since the first hypoth-
esis of metastatic organotropism formulated in 1889 by
Stephen Paget, the mechanisms underlying this process
have remained poorly understood. Nevertheless, recent
findings are suggesting that exosome could represent the
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O Fig.6.18 Schematic
representation of the revised
“seed and soil” theory.
Tumor-derived exosomes are
selectively engulfed by specific
organ district and are
responsible for the preparation
of the pre-metastatic niche.
Consequently, when CTCs reach
the preferential metastatic site,
they find a fertile ground to take
root
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missing piece of the puzzle. Indeed, it has been shown that
exosomes isolated from human lung, liver, and brain tropic
tumor cells fuse preferentially with resident cells at their
predicted destination, namely, lung fibroblasts and epithe-
lial cells, liver Kupffer cells, and brain endothelial cells.
Tumor-derived exosomes are selectively engulfed by spe-
cific organ district and are responsible for the preparation
of the pre-metastatic niche. Consequently, when CTCs
reach the preferential metastatic site, they find a fertile
ground to take root (B Fig.6.18). This peculiar exosome
feature makes them an attractive and interesting target to
potentially inhibit the metastasization process.

For all these reasons, exosomes are emerging as poten-
tial diagnostic, prognostic, and predictive biomarker in
NSCLC. It has been recently investigated whether exo-
somal miRNAs content can be used as diagnostic marker
for lung cancer. In the paper by Rabinowits et al., it was
first compared miRNA expression profile in both tumor
tissue and exosome. This approach confirmed that 12
specific miRNAs were elevated in NSCLC tissue and that
was mirrored in circulating exosomes [94]. Moreover the

Pre-metastatic niche

identification of a specific exosomal miRNA profile has
been shown to have a promising diagnostic performance
for identifying stage I NSCLC (AUC of 0.899, sensitivity
of 80.25%, specificity of 92.31%) [95].

Exosomal miRNAs have also been used to predict
prognosis in NSCLC. Plasma levels of miR-21 and
miR-4257 were significantly upregulated in patients
with recurrence compared with those without recur-
rence or healthy individuals; increased level of these
miRNAs was associated with shorter disease-free sur-
vival (DFS). The predictive potential of these miRNAs
for recurrence was validated in a large cohort including
195 NSCLC patients and 30 healthy controls. The data
indicated that increased levels of exosomal miR-21 or
miR-4257 related to a worse prognosis with a shorter
disease-free survival (DFS) [96].

Exosome could also be used as a source of tumor-
derived DNA, and therefore, they can also have a pre-
dictive role. DNA inside exosomes can be defined as
exoDNA [15, 97]. It has been reported that exoDNA can
be isolated and detected from plasma and bronchoalve-
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olar lavage fluid (BALF), and moreover, it can be used
for EGFR mutation detection. In the study published by
Hur JY, it was reported that liquid biopsy results using
exoDNA show higher accordance with conventional tis-
sue biopsy compared to the liquid biopsy of ctDNA
alone [98]. These data are further supported by another
study where the combination of exoRNA (RNA con-
tained in exosomes) and ctDNA analysis seems to
increase the sensitivity for EGFR mutation detection in
plasma, with the largest improvement seen in the sub-
group of M0/Mla disease patients known to have low
levels of ctDNA.

In addition, the role of total RNA derived from exo-
somes has been more recently under investigation. In
particular, by using an NGS-based approach, the possi-
bility to identify the EML4-ALK translocation carried
out by the exosome-derived RNA has been described for
the first time in NSCLC patients [99].

Even though the potential application of exosomes
analysis in clinical practice is promising, there are still
some opened questions regarding the rapidity and speci-
ficity of exosome isolation and the choice of the best
detection method [100]. Currently, the most commonly
used approach for exosome isolation is based on ultra-
centrifugation [101]. However, this technique has several
limitations including long processing time, lack of
reproducibility, and specificity. Furthermore, the abun-
dance of exosomes from different cellular origins makes
a further enrichment of the relevant biomarkers a neces-
sary step when considering exosomes for diagnostic or
companion diagnostic purposes. NanoSight™ platform
can be used for exosome concentration evaluation in flu-
ids, but its usefulness is limited for plasma-derived exo-
some since they are normally too dirt for this kind of
analysis [102]. Fortunately, there have been developed a
series of commercial kits that enable easy microvesicle
isolation [103, 104]. Recently the increased application
of proteomic technologies has significantly contributed
to a deeper understanding of exosome protein profiles
from a wide variety of cultured cells and body fluids
(such as plasma, urine, and malignant effusions) [105].
All proteomic data acquired to date demonstrate that
tumor-derived exosomes (TDEs) express a discrete set
of proteins specifically related to the tumor phenotype
and involved in cell proliferation, antigen presentation,
signal transduction, migration, invasion, and angiogen-
esis. Recently, it was reported the first global proteomic
analysis of highly purified exosomes derived from
human NSCLC malignant pleural effusion. Using
nanoLC-MS/MS following 1D SDS-PAGE separation,
researchers identified pathologically relevant proteins
and potential diagnostic makers for NSCLC, including
lung-enriched surface antigens and proteins related to
EGFR signaling [106].
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6.4 Liquid Biopsy in the Era
of Immunotherapy

The introduction of immunoncology, especially immune
checkpoint inhibitors, has recently become a promising
frontier for the treatment of several human cancers,
improving the organism’s competence to direct the
immune system against cancer cells, with notable suc-
cess and evidence of long-term survival.

The immune checkpoint inhibitors are monoclonal
antibodies that targeted specific molecules, such as PD-1
or PD-L1. Programmed death ligand 1 (PD-L1) is an
inhibitory receptor expressed on the surface of tumor
cells. PD-LI interaction with its ligand PD-1 on
activated T lymphocyte inhibits its cytolytic effector
functions. Tumors can create an immunosuppressive
microenvironment through the overexpression of
PD-L1 on tumor cells, which facilitate cancer immune
evasion through the downregulation of cytotoxic T-cell
activity. The blockade of the PD1/PD-L1 axis with the
specific antibody inhibitors prevents T-cell suppression
and promotes the immune killing of the cancer cells.
Although a clinically relevant median response duration
is reported, only 1 out of 4 treated patient will benefit
from immunotherapy. Predicting which patient will ben-
efit from immune checkpoint inhibitors is a novel and
important issue and would contribute to optimize treat-
ment selection [107].

It has been hypothesized that expression of PD-1/
PD-LI could have a predictive and/or prognostic role.
However, the value of PD-L1 expression assessment by
using immunohistochemistry (IHC) staining in
formalin-fixed paraffin-embedded tissue samples is cur-
rently debating and challenging [97]. The expression of
immune checkpoints on immune and tumor cells is a
dynamic process; therefore, evaluation at a single time
point can be suboptimal for several limitations inherent
to tissue sampling, IHC detection methods, and anti-
bodies used, in addition to heterogeneous PD-L1 expres-
sion during cancer evolution and treatment. Hence, the
actual effort is to identify peripheral blood biomarkers
that reveal the dynamic and complex nature of the
immune response and the interaction of multiple ele-
ments. Among several peripheral blood biomarkers
studied, plasmatic soluble forms of PD-1 and PD-L1
(sPD-1; sPD-L1) represent the areas with more encour-
aging data. The prognostic and predictive role of sPD-1
and sPD-LI seems to be dependent on the type of can-
cers, leading differentially to good or poor clinical out-
comes [108, 109]. sPD-1 and sPD-L1 have been shown
to negatively correlate with survival in NSCLC; the
clinical outcome of nivolumab treatment was signifi-
cantly associated with the baseline plasma sPD-L1 levels
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[110]. In patients with metastatic melanoma, the level of
circulating exosomal PD-L1 changes during the treat-
ment with the anti-PD-1 pembrolizumab. A higher level
before the treatment was associated with poorer clinical
outcomes, and the increased levels during early stages of
therapy identify the clinical responder patients [111]. It
was demonstrated that high plasma levels of specific
immune checkpoints correlate with dramatically poor
outcome and can be used as prognostic factors in non-
resectable  pancreatic  adenocarcinoma (PDAC)
(8 Fig. 6.19). In this study, the researchers used specific
antibodies to detect the soluble forms of PD-1 and
PD-LI1 and others new immune checkpoints that seem
to play an important role in T-cell activation and regula-
tion: the B7/butyrophilin-like receptors such as butyr-
ophilin subfamily 3A/CD277 receptors (BTN3A), the
butyrophilin subfamily 2 member Al (BTN2A1), and
the B and T lymphocyte attenuator (BTLA) belonging
to the B7-like receptors [112]. The results show a nega-
tive correlation between plasma levels of each marker
and pancreatic cancer patients’ overall survival [99].
Recently, the association with clinical outcomes was
showed also in head and neck squamous cell carcinoma,
triple-negative breast cancer (TNBC), large B-cell lym-
phoma, and ovarian cancers, and several researches are
ongoing to investigate this specific issue. In a new era of
liquid biopsy, all these data are interesting findings that
provide a rationale for the application of more precise
and dynamic predictive biomarkers for checkpoint
blockades.

6.5 Liquid Biopsy for Early Cancer
Diagnosis

The best strategy for reducing the incidence of cancer-
related death is early diagnosis; indeed cancer early
detection is crucial to strongly increase the number of
eligible patients for curative treatments. Screening tests
nowadays available mainly focus on one tumor type
(e.g., PAP test for cervical carcinoma, ultrasound and
mammography for breast cancer, occult blood in the
stool and colonoscopy for colorectal cancer), and yet we
are still missing tests to screen aggressive diseases with
very poor prognosis such as lung, pancreatic, and liver
cancers. Moreover, despite the majority of screening
tests are minimally invasive, some of them may not be
easily accepted by patients and may have prohibitive
costs. Therefore, there is the need for new noninvasive
and inexpensive tests, and liquid biopsy approaches
hold promise in this context.

Almost all liquid biopsy components (ctDNA,
CTCs, or circulating miRNA) have been used to develop
tests for early diagnosis of different tumor types.
Unfortunately, none of them can be currently used in
clinical practice. The road is still long and winding, but
some interesting results have emerged, which still request
further investigation.

In 2018 the group of J.D. Cohen et al. reported the
results regarding the use of a multi-analyte blood-based
test, called CancerSEEK, to detect eight common cancer
types [113]. In detail, the CancerSEEK test is designed to
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simultaneously evaluate levels of 8 circulating proteins
and mutations in ctDNA and was applied to 1005 patients
with nonmetastatic (stages I-11I), clinically detected can-
cers of the ovary, breast, liver, stomach, lung, pancreas,
esophagus, or colorectum. Considering all 8 tumor types,
a median of 70% of patients were positive to the test with
sensitivities ranging from 33% for breast to 98% for ovar-
ian cancer. Interestingly a sensitivity greater than 69% was
reached for five cancer types (ovary, liver, stomach, pan-
creas, and esophagus) for which there are no routine
screening tests available. Another important aspect is the
specificity which should be as highest as possible to pre-
vent unnecessary follow-up and psychological distress
associated with false-positive results. The reported speci-
ficity for CancerSEEK was greater than 99%, as only 7 out
of 812 healthy controls resulted positive; therefore, the
risk of false-positive is very low. The main characteristic
of a screening test is the ability to intercept cancer at an
early stage; CancerSEEK sensitivity was similar in stage I1
and III cancers (73% and 78%, respectively) but still too
low in stage I cancers (43%), meaning that in early-stage
disease, there is still a high risk of false-negative results.
Moreover, cancer detection alone is not sufficient, and lig-
uid biopsy alone is not able to determine the localization
of a tumor in a patient that scored positive for the test.
Despite the promising results obtained in the study,
there are several limitations. Control population was
limited to healthy individual, whereas in a real cancer
screening setting, some individuals might have inflam-
matory or other diseases, which could negatively impact
test performance by increasing the proportion of false-
positive results. Another problem is the patient cohort
composed of individuals with known cancers that have
already shown symptoms. Again, this is not the optimal
set-up for cancer screening setting where the goal is to
detect cancer before it causes symptoms. The same
research group has then decided to test the CancerSEEK
in a wider population, and they have recently published
the results of the DETECT-A study (Detecting cancers
Earlier Through Elective Mutation-Based blood
Collection and Testing), an exploratory prospective,
interventional study [114]. The aim of the study was to
evaluate the feasibility and safety of multi-cancer blood
testing coupled with PET-CT imaging to detect cancer
in 10.006 women, aged from 65 to 75. DETECT-A con-
sists in three steps: (1) a first peripheral blood sample
was evaluated with CancerSEEK test; (2) individuals
who tested abnormal for at least one of the biomarkers
included in CancerSEEK were subjected to second
blood withdrawal that was used for a second test to
determine whether the same biomarker was persistently
altered as well as to exclude mutations due to clonal
hematopoiesis of indeterminate potential (CHIP, for
more details, refer to paragraph 6); and (3) if the bio-
marker was reproducibly abnormal in the second test
and CHIP was excluded, the blood test was considered
positive, and the individual was invited to perform a
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full-body diagnostic positron emission tomography
computed tomography (PET-CT) scan with contrast,
using fluorodeoxyglugose (FDG) as the tracer. This
third part of the study was used for both confirming
blood test results and more importantly to localize the
potential cancer in a safe and minimally invasive man-
ner [115]. CancerSEEK test resulted positive in 490 indi-
viduals, but only 134 were confirmed in the second blood
test. Of these 134 participants, 127 were evaluated by
imaging, and 64 had imaging compatible with cancer.
After further investigation, including cancer biopsy and
other unequivocal evidence, in 26 participants, a diagno-
sis of cancer was confirmed. Despite this is a feasibility
study with no information about clinical validity and
utility of this approach, results obtained are very inter-
esting but yet not enough robust to use this test as a rou-
tine standard-of-care screening.

One of the main limitations of detecting somatic
alterations in ctDNA is that not every mutation detected
is necessarily coming from a tumor. Therefore, the risk
of false positive could be quite high, leading to psycho-
logical distress (for more details about false positive and
false negative, refer to paragraph 6). Recently another
research group, headed by M.C. Liu and G.R. Oxnard
[116], used a new approach for early cancer diagnosis.
Indeed, they assessed the performance of targeted meth-
ylation, instead of somatic mutations analysis, of
cfDNA to detect and localize multiple cancer types
across all sta