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LETTER FROM THE EDITOR

Dear Colleague:

On behalf of ASCO, | am pleased to present the 61 edition of ASCO-SEP®: Medical Oncology
Self-Evaluation Program. This self-evaluation resource was designed to assist you in staying
current in medical oncology, to provide test questions for assessing your knowledge, and to
assist you in your care of patients with cancer. In addition, through your use of ASCO-SEP®
you may earn credit for the maintenance of certification (MOC) process. The response to the
opportunity to receive MOC points for reading ASCO-SEP® and completing the chapter-related
multiple-choice questions has been tremendous. We will continue to provide the opportunity to

receive MOC points for your work with ASCO-SEP® 6! Edition.

ASCO-SEP® is a comprehensive learning tool that includes 22 chapters focused on specific
disease sites and oncology topics, as well as more than 180 multiple-choice questions that can
be used for self-study. The “Key Points” in each chapter section facilitate review of important
facts and concepts. ASCO-SEP® 6" Edition continues to feature vital updates at the beginning
of each chapter, highlighting new data that have significantly informed practice and/or our
understanding of cancer.

For this 61 edition, all of the self-assessment questions are new, providing learners with unique

opportunities for review. Also available is the ASCO-SEP® 6th Edition Mock Examination, which
can be accessed at ASCO University (university.asco.org/SEP). This convenient online study
tool provides yet another resource for self-evaluation. All questions in the Mock Examination are
new and do not include any test items from the book.

This ASCO-SEP® 6 Edition would not have been possible without the efforts of three
outstanding Associate Editors who dedicated substantial time and commitment to ensure the
high quality of the content: Matthew I. Milowsky, MD, Scott M. Schuetze, MD, PhD, and S.
Vincent Rajkumar, MD. The success of this publication has relied on the time and talents of
many contributors, including chapter authors and peer reviewers who graciously shared their
time and expertise. | am also grateful for the tireless and expert support of the ASCO staff.

Thank you for participating in this worthwhile continuing medical education program. If you have
comments or suggestions regarding ASCO-SEP®, please email ascou@asco.org.

Sincerely,

'\1¢¢.-JC:..‘.. L—"T"‘-\éf_ e d? .. \I
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Martee L. Hensley, MD, MSc
Editor, ASCO-SEP® 6! Edition



Left to right: S. Vincent Rajkumar, MD, Matthew |. Milowsky, MD, Martee L. Hensley, MD, MSc, and Scott M. Schuetze, MD, PhD

Martee L. Hensley, MD, MSc, is Professor of Medicine, Weill Cornell Medical College and
Attending Physician, Gynecologic Medical Oncology service, Memorial Sloan Kettering Cancer
Center. She serves as Co-Chair of the Uterine Task Force of the National Cancer Institute’s
Gynecologic Cancer Steering Committee, Co-Chair of the NCI-EORTC-Cancer Research UK
International Rare Cancer Initiative for Gynecologic Sarcomas, and as member of the NRG
Developmental Therapeutics and Uterine Corpus Committees. She is Chair, Hospital Quality
Assurance Committee, at Memorial Sloan Kettering.

Matthew I. Milowsky, MD, is an Associate Professor of Medicine and Urology, Section Chief
of the Genitourinary Oncology Service, and Co-Director of the Urologic Oncology Program at
the University of North Carolina at Chapel Hill Lineberger Comprehensive Cancer Center.

S. Vincent Rajkumar, MD, is an Edward W. and Betty Knight Scripps Professor of Medicine
and Consultant in the Division of Hematology at the Mayo Clinic, Rochester, Minnesota. He
serves as Co-Chair of the International Myeloma Working Group, and Chair of the NCI ECOG-
ACRIN myeloma steering committee.

Scott M. Schuetze, MD, PhD, is Clinical Professor of Medicine in the Division of
Hematology/Oncology, University of Michigan Comprehensive Cancer Center. He is the Director
of the Connective Tissue Oncology Program in the University of Michigan Comprehensive
Cancer Center and Medical Co-Director of the Oncology Clinical Trials Support Unit in Michigan
Medicine.
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EPIDEMIOLOGY AND PREVENTION

Alfred I. Neugut, MD, PhD

Recent Updates

» Arecent study in China suggested that biannual screening with ultrasound and magnetic resonance imaging (MRI) of the
liver for patients with cirrhosis resulted in the detection of early-stage hepatocellular carcinomas with a high chance of
curative resection and favorable survival. (Kim SY, JAMA Oncol 2017)

» Compliance with HPV vaccination for children and adolescents has been poor. (Jeyarajah J, Clin Pediatr 2016)

» Studies have shown, and guidelines now indicate, that vaccination for HPV, at least for those ages 9 to 15, can be limited
to two doses of the vaccine as opposed to three doses. (Laprise JF, J Infect Dis 2016)

» At this time, 9% of cancer in the West is attributable to obesity; a recent International Agency for Research on Cancer
Working Group report identified 13 cancers for which there is sufficient evidence and an additional three for which there is
limited evidence to link them to obesity. (Arnold M, Cancer Epidemiol 2016; Lauby-Secretan B, N Engl J Med 2016)

OVERVIEW

Epidemiology is the study of disease in populations, including its distribution, determinants,
natural history, and survival. Rather than focusing on the individual patient, its perspective is that
of public health. The traditional focus and goal of epidemiology has been the determination of
the incidence and mortality rates of cancer in different populations and subgroups, as well as
the identification of risk factors for the purpose of disease prevention and control through
primary prevention and screening interventions. More recently, the methods of epidemiology
have been applied to clinical questions, including the assessment of treatment outcomes, such
as survival, and the long-term sequelae of cancer and its treatment.

Because of its emphasis on populations, epidemiology generally uses rates (with
denominator populations—rates standardized to a population—and time frames) or relative
measures rather than absolute figures to measure relevant statistics. Descriptive epidemiology
—the usual starting point for epidemiologists—encompasses incidence and mortality rates,
survival rates, and time trends. Incidence and mortality rates are commonly expressed as the
number of newly diagnosed patients or deaths per 100,000 in the group at risk.

These rates are usually age- and sex-adjusted, meaning they are mathematically adjusted to
a standard population to remove the effects of a population’s age and sex distribution, which
may change over time. Cancer is primarily a disease of older people. Even with the increase in
the number of people in the United States who are age 70 or older during the past 30 years,
the number of cancer cases occurring annually has increased or diminished only slightly
because many cancers are age dependent. Furthermore, because women have a life



expectancy 7 years longer than that for men, there are substantially more older women than
men, so a difference in sex distribution would magnify or diminish with age as well. Thus,
adjusting cancer rates for age and sex removes their effects. As a result, a true change in
cancer rates because of prevention, better treatment, or new etiologic factors must be
assessed by increases or decreases in age- and sex-adjusted incidence and mortality rates.'?

Survival is defined as the time from diagnosis to death. A commonly used measure is the
proportion of people alive at 5 years after diagnosis (Table 1-1). For some cancers, such as
breast or prostate cancer, this time frame may be too short, as recurrences and deaths may
continue to occur long after 5 years; thus, for these cancers, 10-year survival may be a useful
measure.

The American Cancer Society (ACS) publishes an annual estimate of the absolute numbers
of new cancer cases and deaths.? These numbers are widely quoted, especially by the lay
press. As noted above, it should be emphasized that these figures are not rates and are
subject to fluctuations according to the age and sex distribution of the population. ACS also
publishes time trends of incidence and mortality rates for major cancers during the past 75
years; these figures can give interesting insights into the inroads made by primary prevention,
screening, and treatment and changes brought about by increases or decreases in risk factors
(Figs. 1-1 and 1-2).2

Figure 1-2 shows the changes in mortality for selected cancers since 1930. It illustrates the
dramatic rise in mortality for lung cancer that accompanied the rise in tobacco use in the 20th
century, peaking in men around 1985 and then falling 20 years after the Surgeon General's
reports of 1964 and 1968, which publicized the hazards of cigarette smoking and its link to lung
cancer. As tobacco use has fallen to around 15% in males, the lung cancer incidence and
mortality rates have decreased and will continue to fall for the foreseeable future. Another
dramatic change has been the fall in gastric cancer, which was the leading cause of cancer
mortality in the United States prior to World War II. Most experts attribute this decline to the
increased availability of the electric refrigerator and the concomitant increased consumption of
fresh meat, fruits, and vegetables, as opposed to smoked and cured foods, which contain
nitrites and other potentially carcinogenic agents.® Among women, a dramatic fall in uterine
cancer, primarily in the uterine cervix, occurred; this is attributable to the widespread use of the
Pap smear for screening after World War Il. A decline in breast cancer mortality after the mid-
1980s has been attributed to a combination of mammographic screening and advances in
treatment, such as the use of adjuvant therapy.+®



Table 1-1 Definition of Terms Related to Survival

Survival time Time from the initial diagnosis of cancer to death

Disease-free Time from complete remission to relapse of
survival disease

5-year Proportion of patients who are alive 5 years after
survival rate the time of diagnosis

Disease- Proportion of patients who have not died of the
specific specific disease (does not take into account

survival rate deaths unrelated to the disease)

Proportion of patients who are alive at a specific

Overall : 2 . :
time after the diagnosis (takes into account all
survival rate
causes of death)
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Fig. 1-1 Trends in U.S. incidence rates for selected cancers by sex (1975 to 2013).

Rates are age-adjusted to the 2000 U.S. standard population and adjusted for delays in reporting.

*Liver includes intrahepatic bile duct.

Reproduced from John Wiley & Sons, Inc. copyright 2017: Siegel RL, Miller KD, Jemal A. Cancer statistics, 2017. CA Cancer J

Clin. 2017,67:7-30.

In the incidence rates shown in Fig. 1-1, the rise in prostate cancer incidence after 1985 is
the most salient curve and reflects the introduction of prostate-specific antigen (PSA) testing to
the clinical laboratory and its widespread use for screening. A rise in the incidence of cutaneous
melanoma in both men and women has been attributed to both a change in sun exposure

patterns in the population and increased skin screening.®”’
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Fig. 1-2 Trends in death rates for selected cancers (1930 to 2014).

Rates are age-adjusted to the 2000 U.S. standard population. Because of changes in the International Classification of Diseases
(ICD) coding, numerator information has changed over time. Rates for cancers of the lung and bronchus, colorectum, liver, and
uterus are affected by these changes.

Mortality rates for liver, pancreas, and uterine corpus cancers are increasing.
*Liver includes intrahepatic bile duct.

Reproduced from John Wiley & Sons, Inc. copyright 2017: Siegel RL, Miller KD, Jemal A. Cancer Statistics, 2017. CA Cancer J
Clin. 2017,67:7-30.

m Epidemiology is the study of the distribution, etiology, and natural history of disease in
populations.

m Epidemiology can include assessment of treatment outcomes, disease prevention, and
disease screening.

m Epidemiology addresses these issues with a public health and public policy perspective
as opposed to the perspective of the individual patient.

ASSESSING CANCER RISK

Much of epidemiology involves the assessment of cancer risk. A person can be at increased
risk of cancer because of extrinsic or intrinsic factors, or a mix thereof.

m Extrinsic influences are factors outside the individual's own body, such as environmental
pollutants, cultural/lifestyle habits, medication use, infectious factors, and diet.

® |ntrinsic influences are factors unique to each person, such as genetics.

®m To assess etiology, risk is usually reported relative to another population. For example, in
2005, the breast cancer mortality rate for black women was 35.6 per 100,000, and the rate
for non-Hispanic white women was 25.8 per 100,000. During that period, the relative risk of
death for black women was 1.38 times that of white women (35.6 divided by 25.8).8

From an epidemiologic perspective, an etiologic agent or risk factor is anything that
increases the probability that an individual will develop the disease. These risk factors can
include demographic characteristics (e.g., increasing age or race/ethnicity) or lifestyle and
behavioral factors, such as smoking. They also include endogenous factors, such as genetic
mutations that have been identified as predisposing a person for a disease, such as a
deleterious BRCA1 or BRCA2 mutation. Most cancers undoubtedly arise from a combination of
genetic and exogenous factors that interact to define certain demographic patterns. These
patterns are generally recognized as the subpopulations in which a specific cancer is most likely
to occur, such as breast cancer being more common in white, older, upper socioeconomic class
women.

Certain genetic mutations occur with relatively high frequency, but they convey only a slight
increase in the probability of the cancer occurring. These are referred to as “genetic
polymorphisms” and are usually thought to provide increased susceptibility to an environmental



carcinogen or to modify risk in some other way. For example, genetic polymorphisms for the
cytochrome P450 enzyme system that metabolizes carcinogens in cigarette smoke can cause
variability in susceptibility to the effects of cigarette smoke. Better known are the uncommon
genetic mutations that convey high risk for the development of malignancy, such as the
mutations of the BRCA or familial adenomatous polyposis genes. BRCA1 and BRCA2 are
genes with well-defined DNA sequences. Some BRCA1 and BRCAZ2 mutations increase the risk
of breast and ovarian cancers and of certain other malignant diseases as compared with the
risk for individuals without the mutations.® Advances in our knowledge regarding DNA
methylation, histone modification, and other epigenetic phenomena may provide new insights
into the effect of environmental factors on carcinogenesis and may suggest new targets for
intervention.10:11

Knowledge regarding genetic risk factors for a particular cancer and the ability to predict the
development of a particular cancer can help oncologists develop and select intervention options
and to target such interventions to high-risk populations. Table 1-2 lists selected low-
prevalence, high-penetrance genetic syndromes with their associated cancers. Discussion of
specific genetic syndromes related to cancers of different organ sites can be found in the
disease-specific chapters.

Knowledge of the risk factor also may present ethical dilemmas. Examples include whether
to convey knowledge of risk to third parties in a patient’s family, how to handle selection of
embryos for implantation during in vitro fertilization on the basis of genetic testing, or whether
such information can or should be made available to life insurance companies.'? However,
knowledge of the risk factor may allow for early interventions that could prevent disease or limit
its severity.

To address risk from genetic factors, it is critical to take a good family history from patients
with cancer. This is particularly important for younger patients, who are more likely to harbor a
mutation. Such a history should include, at a minimum, a census of all first-degree relatives
(i.e., parents, siblings, and children), with their sex, current age or age at death, any cancers
diagnosed, and age at diagnosis. Family histories with cancers among the relatives that fit the
pattern of a known genetic mutation or early age at diagnosis for certain cancers should lead to
further evaluation and testing, possibly by a genetic specialist. The results of these evaluations
have implications for the patient regarding risk of further cancers, as well as implications for
other blood relatives in the patient’'s family. For further details on genetic cancer risk
assessment and management, see Chapter 6 on Genetic Testing for Hereditary Cancer
Syndromes.

Just as with genetic information, the clinician should make an effort to collect other relevant
risk-factor information for patients with cancer or for healthy patients who are undergoing
wellness exams. Risk information should include, at a minimum, tobacco and alcohol use, height
and weight, family history, and occupational history. Other factors should be included as
relevant to a specific symptom or diagnosis (e.g., exposure to organic solvents, such as
benzene, in those diagnosed with leukemia; exposure to exogenous estrogens in women with
postmenopausal bleeding; vaccination history in those with a human papillomavirus [HPV]-
related disease). This information can be used to provide advice and guidance to the patient
(e.g., regarding tobacco-use cessation), to identify patients at high risk for certain cancers, to
guide early detection and prevention strategies, and to assist with the diagnosis of certain
cancers.



Table 1-2 Selected Hereditary Neoplastic Syndromes

(Clinical Tests Available)

Site(s) of Most Associated
Syndromes Common Cancer(s) Gene(s)
Hereditary breast BRCA1,
and ovaran cancer Breast, ovary BRCA2
Cowden Breast, thyroid PTEN
Brain, breast, adrenal
Li-Fraumeni comex, leukemia, TP53
sarcoma
Familial Large bowel, small bowel,
adenomatous brain (Turcot), skin, bone | APC
polyposis (Gardner)
i Colorectal and
Hereditary ‘ andomebiins: alio orany MSH2, MLH1,
nonpolyposis ancreas, stomach, small S
colorectal cancer 4 ' ' MSH6
bowel
- - Pancreatic islet cell,
Mutti nd
":J ;::i: (Mﬁﬁ pituitary adenoma, MEN1
parathyroid adenoma
MEN2 Medullary thyroid, RET
pheochromocytoma
Neurofibromatosis Neurofibrosarcoma, NF1
type 1 pheochromocytoma
: : Hemangioblastoma,
YonHip pei-t e nervous system, renal cell Ve
Retinoblastoma Eye, bone RB1
Melanoma, Skin CDKN2/p186,
hereditary CDK4
Basal cell Skin PTCH
HE'E'.:'“W e Stomach, lobular breast | CDH1
gastric cancer

Chemoprevention and screening are options for certain high-risk populations, as is the
modification of high-risk behavior. People at high risk for cancer often undergo intensive
screening for the cancer in question. A screening test proven effective for average-risk patients
is likely to be of even greater value in those at higher risk. In many circumstances, screening
tests that have been shown not to be effective in screening for patients at average risk, such as
CA125 for ovarian cancer, may be used by clinicians in screening patients at high risk, such as
those with a BRCA mutation. But there would be no reason to assume it would be more
beneficial for reducing mortality in high-risk patients than in those at average risk. If certain
screening tests do reduce mortality, then they may be of more value in those at higher risk but
would not necessarily be useful for individuals at average or low risk because of cost or other
problems, such as high rates of false-positive results (discussed in more detail in the Cancer



Screening section).

Population categorization is important in epidemiology. Populations can be delineated by sex,
nationality, culture, race and ethnicity, socioeconomic status, age, and other characteristics.
This is the basis of descriptive epidemiology—along with time trends—and is used to provide
clues to etiology. For example, a cancer that has a strong predominance in men may have a
specific occupational component to it. Differences in incidence rates for various cancers found
in both Japan and the United States have suggested hypotheses regarding diet and the
consumption of green tea.!3

Race and ethnicity are common ways of dividing populations in the United States. Note that
race is a sociopolitical categorization.'* The definitions used by U.S. investigators when
generating population statistics are not formulated scientifically on the basis of characteristics
such as genes, but rather reflect self-report by the individual and a mix of anatomical traits that
often encompasses varying degrees of racial admixture. Much concern has arisen in the past
10 to 15 years with regard to outcome disparities, in particular for a wide range of cancers and
for black patients compared with white patients. In some instances, these disparities also
reflect differences in incidence, but in others, they may reflect differences in stage at diagnosis,
access to treatment, or tumor biology. Race and ethnicity can correlate with other methods of
categorization, such as poverty or prosperity, both of which may change the incidence of
cancer and its related mortality.

Socioeconomic status and education also can be related to the risk of disease and death.
Higher rates of breast cancer among white women in the San Francisco Bay area of California
and on Long Island in New York were linked to a higher prevalence of professional women in
those areas, who, as a cohort, are less likely to have a full-term pregnancy by age 30—a
known risk factor for breast cancer.'®> Socioeconomic status also has been related to the type
of treatment received and subsequent outcomes for various cancers, although this variable is
heavily confounded with race/ethnicity and education.® In a classic study, Ayanian et al.*” found
that women with breast cancer who were uninsured or on Medicaid had a 49% (95% CI; 20,
84) and 40% (95% CI; 4, 89) higher risk of death, respectively, than women with private
insurance. A similar effect for socioeconomic status was found for survival of patients with
colorectal cancer*® and for quality of life for prostate cancer survivors.!®

In analytic epidemiology, observational studies are carried out to ascertain whether
associations exist between an exposure and an outcome. Although a statistical association may
exist between the two, there is always concern that this may reflect bias in the way the study
was conducted or the presence of confounding factors. Confounding factors are factors
associated with both the exposure and the outcome that can lead to an observed association,
which is not truly a relationship between the two. For example, a study may show that asbestos
workers have an elevated risk of lung cancer compared with the general population. However,
one must keep in mind that asbestos workers may be heavier smokers than other individuals in
the general population, and cigarette smoking is associated with lung cancer risk; thus, smoking
may confound the observed association. Therefore, it is mandatory in a study that looks at this
exposure and outcome to collect smoking information so that it can be statistically controlled
and the individual effect of asbestos exposure can be appropriately measured.

Epidemiologic observational studies fall into two broad categories: cohort studies and case—
control studies. Participants in cohort studies are categorized based on their exposure and then
followed to determine whether the outcome develops differently in the exposed and unexposed
groups. Case—control studies enroll both participants who have the outcome or disease under
study and a control group of healthy participants. Both groups are then assessed for exposure.



Both cohort and case—control studies have advantages and disadvantages. In both types, one
must try to avoid bias or directional error. For example, in a case—control study, a patient with
cancer may be inclined to give a positive answer more frequently than a control participant to a
guestion regarding smoking history—this is referred to as “recall bias.”

As a general rule, cohort studies are preferred when the exposure is uncommon and the
outcome is common, while case—control studies are preferable with uncommon outcomes.
Since the incidence of most cancers, even the most common ones, is relatively low, case—
control studies usually are used in cancer research. Their disadvantage is that they are often
ambiguous on the temporal relationship between the exposure and the cancer. If you compare
100 patients with colon cancer to 100 patients without colon cancer for their intake of saturated
fat, it can be unclear whether a decreased intake in the case patients is related to the disease
or preceded the disease. In a cohort study, in which the exposure is ascertained before the
cancer has developed, one can be more confident that any observed association preceded the
development of disease. On the other hand, because of the low incidence of most cancers, a
cohort study requires tens of thousands of subjects to be followed for years. One of the best-
known cohort studies, the Nurses’ Health Study, followed almost 90,000 nurses for 4 years to
generate enough endpoints to determine the risk associated with dietary fat and breast cancer,
the most common cancer.?°

Molecular epidemiology—the use of sophisticated molecular and genetic markers in
conjunction with the traditional tools of analytic epidemiology to investigate etiologic or other
guestions in cancer epidemiology—is a major field within cancer epidemiology. Biomarkers can
be used to measure exposures or endpoints in place of the more traditional answers to
guestionnaires, and, in some instances, biomarkers can give a more objective, unbiased
assessment.

Many contemporary studies use epidemiologic methodology to address clinical questions in
oncology. When randomized trials may be difficult to conduct, observational studies, such as
cohort or case—control studies, may be used to answer typical questions regarding the efficacy
of a drug or the incidence of an adverse event from a drug and also to ascertain the cost-
effectiveness of a particular intervention. Therefore, an understanding of these analytic tools is
imperative for the modern oncologist.

m Cancer risk can be increased by both intrinsic and extrinsic influences.
m To assess etiology, a population risk is usually reported relative to another population.

m A key element in population statistics and rates is the presence of a denominator
population.

®m Germline genetic mutations, which confer an increased risk for a number of cancers,
have been identified. Patients who may carry a germline heritable predisposition to
cancer can be identified in the clinical setting if one is alert to the clinical manifestations of
these syndromes and the patient’s family history.

m A good clinical history can also identify key exogenous risk factors, such as tobacco,
alcohol, hormonal, and infectious exposures and certain occupational risk factors.

Cohort studies and case—control studies are key tools in the conduct of observational



research and the identification of risk factors for cancer.

m Differences in cancer risk exist across populations and individuals on the basis of various
characteristics, such as race/ethnicity, gender, age, socioeconomic status, and education.
Molecular and genetic biomarkers of cancer risk are an area of active epidemiologic
research.

PATTERNS OF CARE, DISPARITIES, AND OUTCOMES RESEARCH

Although descriptive epidemiology and the determination of etiologic risk factors have been the
traditional domains of epidemiology, the assessment of treatment outcomes in populations has
become an important aspect of this discipline. Clinical trials demonstrate “efficacy” of a
treatment. How well the intervention works in the population as a whole in routine practice is
referred to as “effectiveness.” A phase Il clinical trial can demonstrate the efficacy of a
treatment intervention (e.g., tumor shrinkage), and a phase Ill study compares two
interventions to determine which is superior. Prevention trials usually require phase Il studies to
show efficacy.

The study of patterns of care or treatments that are already in clinical use is an aspect of
outcomes research. Studies often demonstrate geographic and regional differences in the
treatment of cancers. For example, for women with localized breast cancer, the decision to
treat with lumpectomy and radiation therapy or with mastectomy may vary depending on the
patient’s geographic location.?! Similar regional differences have been noted for prostate
cancer screening and for the types of treatment used for localized prostate cancer.??

Health disparities generally can be defined as differences in outcomes related to a disease
among one segment of the population compared with the general population. In current usage,
the term is usually applied to subpopulations that are thought to be disadvantaged in some way,
such as by race/ethnicity, increasing age, socioeconomic status, sexual orientation, rural
residence, etc., and the public policy interest in disparities stems from an interest in finding
avoidable and correctable causes for the disparities. For cancer-related disparities, such
causes may reflect differences in risk-factor exposure, screening utilization, access to care,
quality of care, or tumor biology.

The most notable example of disparities are the differences seen between blacks and whites
in America with regard to cancer statistics. Estimates from the American Cancer Society in
2016 indicate that blacks had a lower projected lifetime risk for all cancers (40.8% for males,
34.3% for females) than whites (42.4% for males, 39.0% for females); despite this, blacks
were at greater risk of cancer-related mortality for males (23.4% for black males vs. 22.8% for
white males) and equal mortality for females (19.4% for blacks vs. 19.5% for whites).?® Black
patients are at increased risk of mortality from a wide variety of cancers.?425> As an example,
differences in tobacco usage have been responsible for disparities in mortality from squamous
cell carcinoma of the esophagus between black and white patients.?® A study from the
Southwest Oncology Group found persistent racial disparities for women with breast and
ovarian cancers entered into phase Il trials despite similar stage, treatment, and follow-up,
suggesting that biologic differences may also play a role.?’

Many of the disparities in outcomes among groups defined by race and socioeconomic
status have been linked to differences in patterns of care. For example, treatment is less than
optimal for a substantial proportion of patients with cancer who are poor or of certain ethnic
backgrounds.?® The reasons for these variations in care are complex. Some are the result of



sociocultural differences in attitudes toward therapy.?® Patient—physician communication also
can play a major role.®° In other cases, poverty, lack of insurance, or underinsurance can make
access to care difficult.1”:2831 Logistical difficulties, such as a lack of adequate transportation to
a treatment center, may play a role. Patients with severe comorbid disease or poor
performance status may justifiably not be offered aggressive cancer treatments because these
patients are at higher risk of a treatment-related morbidity.

To date, outcomes research on disparities has focused primarily on the identification of the
circumstances under which significant disparities occur and their possible etiologies (e.qg.,
whether they stem from biologic differences or from differences in access to care). Significant
advances have occurred in this area over the past 15 years, and it is only now that interventions
are beginning to be tested and to bear fruit. One good example is the New York City
Department of Health and Human Services’ efforts to provide colonoscopy screening to adults
older than age 50. This effort has achieved a colonoscopy screening rate of 70% with no
significant racial/ethnic disparities.®?> Similar mammography rates have also been achieved
among racial/ethnic groups in many populations. Interestingly, although there remains a large
gap between breast cancer mortality rates in whites and blacks, a recent report demonstrated
that black women and white women in the United States now have nearly identical breast
cancer incidence rates, possibly reflecting changes in socioeconomic status, age at first giving
birth, and parity among black women. 23

®m Most clinical trials are designed to determine “efficacy,” meaning how well the treatment
works in a selected environment. Some larger trials and outcomes studies are designed
to show “effectiveness,” meaning how well the treatment works in the population as a
whole.

m Epidemiologic methodology, used in the field of health outcomes research, has been
active in determining areas where disparities in incidence and mortality exist and possible
causes for these disparities. Having this information may lead to interventions.

CANCER PREVENTION

Prevention is intended to reduce cancer incidence and mortality. Primary cancer prevention is
best defined as the use of interventions to reduce cancer incidence. Important to prevention is
the fact that carcinogenesis is not a distinct event but rather a process that occurs over time. It
is a cumulative continuum of discrete cellular changes resulting in uncontrolled proliferation and
growth. Primary prevention involves interventions or manipulations of the genetic, biologic, and
environmental factors in the causal pathway of carcinogenesis. Smoking cessation, sun
avoidance, diet modification, weight loss and increased physical activity, cancer virus
vaccination, and chemoprevention (e.g., tamoxifen for breast cancer prevention) are primary
prevention activities.®* Screening for asymptomatic cancers, which is intended to detect
cancers earlier so that treatment can be introduced more promptly and effectively to reduce
mortality, is referred to as “secondary prevention.” This may be confusing, since the term
secondary prevention is also frequently used to refer to prevention for disease survivors (e.g.,
tobacco cessation in lung cancer survivors). For some cancers, such as cervix cancer and



colorectal cancer, intraepithelial neoplasia is an intermediate step in carcinogenesis, and
treatment of this condition is a form of cancer prevention.3®

SMOKING CESSATION

Tobacco use is the most avoidable risk factor for cardiovascular disease, pulmonary disorders,
and cancer. Smoking cessation and avoidance have the potential to save and extend more lives
than any other public health activity. A smoker has a one in three lifetime risk of dying
prematurely of a smoking-related disease. More human lives are lost because of cardiovascular
disease caused by smoking than from smoking-related cancer. In addition to lung cancer,
cigarette smoking has been linked to cancers of the upper aerodigestive tract (lip, oral cavity,
pharynx, and larynx), esophagus, kidney, bladder, pancreas, small bowel, and colon.3¢

The risk from tobacco smoke is not necessarily limited to the smoker. Epidemiologic studies
suggest that environmental tobacco smoke, often called “secondhand smoke” or “passive
smoke,” may cause lung cancer and other pulmonary diseases in nonsmokers. The amount of
smoke exposure and the degree of inhalation of cigarette smoke are correlated with the risk of
mortality associated with lung cancer. Light and low-tar cigarettes are not safer because
smokers tend to inhale them more frequently and more deeply. Compared with their nonfiltered
counterparts, filtered cigarettes allow smaller particles to get into the peripheral parts of the
lung and cause different histologic subtypes of cancer,3-3° specifically adenocarcinomas. Those
who stop smoking almost immediately stop increasing their risk of cancer, although it takes
some time before their risk of cancer declines. Some carcinogen-induced gene mutations may
persist for years. The use of e-cigarettes has been advocated by some as a substitute for
regular cigarettes because of the much lower exposure to carcinogens; this remains a
controversial approach to tobacco cessation, and it is unclear at present whether there is a
total lack of risk from this form of smoking (discussed as follows).

The vast majority of adult American smokers begin smoking before age 18; two-thirds are
nicotine-dependent in their high school years.4® Therefore, communicating health messages to
the pediatric and adolescent population is a major public health challenge. Studies show that a
physician’s simple advice to avoid or quit smoking can improve the quit rate by two-thirds.**
Despite this, a survey found that although more than 80% of oncologists assess their patients’
smoking behavior, fewer than 20% feel confident enough to intervene in this important area.*?

Among the most effective smoking cessation interventions are governmental actions. Tax
increases on cigarettes and restrictions on venues where smoking is permitted have been very
effective in reducing smoking prevalence rates.** Current smoker rates are down to less than
20% in the United States, approaching 15%, and most tobacco-related cancers in this country
now occur in former smokers. However, smoking remains a major factor globally, especially in
Asia, and lung cancer is the leading cause of cancer mortality worldwide. Much concern has
been raised in particular about smoking rates in India and China, and global efforts to reduce
smoking rates are being increased.*4*’

Smoking is an addiction. It is easier for light smokers—the less addicted—to quit. Experts
believe that heavy smokers generally need an intensive, broad-based cessation program that
includes counseling, behavioral strategies, and drug therapy. If drug therapy is needed, the
recommended first-line therapies are nicotine-replacement therapy, bupropion, and varenicline,
with clonidine and nortriptyline as possible second-line therapies.*! Most Americans who
successfully quit smoking do so on their own, without participation in an organized cessation
program, but this process can be strongly enhanced by even a small amount of encouragement



from a health care provider. Smokers who stop completely are more likely to be successful
than smokers who gradually reduce the number of cigarettes smoked or change to cigarettes
containing lower amounts of tar or nicotine. The smoker who is quitting goes through a process
with identifiable stages that include contemplation of quitting, an action phase during which the
smoker quits, and a maintenance phase. As noted above, there now exist numerous effective
strategies beyond counseling for advising and assisting the cooperative patient with his or her
goals.4849

Electronic cigarette (e-cigarette) use has recently been growing as another tool to enhance
tobacco cessation. This device, which provides nicotine for the user who is addicted, but
without the harmful carcinogenic exposures, is controversial in that some see it as an
improvement over regular smoking, while others oppose its use because they feel that it
provides a more acceptable alternative to total tobacco cessation.>*! In the short term, e-
cigarettes do appear to be less harmful than regular cigarettes,®? but long-term data on their
carcinogenic or other harms are lacking®?; the American Society of Clinical Oncology (ASCO)
and the American Association for Cancer Research have released a policy statement
recommending caution in their use until more evidence is available.>*

Cigar smokers do not inhale, but the health risks associated with cigars are similar to those
of cigarettes, especially the risks of oral cavity, laryngeal, esophageal, and lung cancers (the
risk of lung cancer rises with increased depth of inhalation).>> Smokeless tobacco, or chewing
tobacco, is the fastest-growing segment of the tobacco industry and represents a serious
health risk. Chewing tobacco has been linked to dental caries, gingivitis, oral leukoplakia, and
oral cancer. In addition, the nitrosamines found in this product have been shown to cause lung
cancer in animal studies. Esophageal cancer is linked to the carcinogens in tobacco that
dissolve in saliva, are swallowed, and then come into contact with the esophagus. In certain
parts of the world, smoking opium has also been associated with esophageal cancer etiology,
presumably from the polycyclic aromatic hydrocarbons in the smoke.>¢

The use of marijuana is now legal in at least two states and millions of Americans are regular
users. Most of the studies on marijuana use and cancer risk have focused on the upper
aerodigestive tract and lung, but at present there is no clear-cut evidence of an association with
marijuana use and these cancers.®” The only cancer with which marijuana use has been
consistently associated is testicular cancer, for which three case—control studies have shown an
association, though a biologic explanation for this association has not been established.58-6°

ALCOHOL

Alcohol ingestion is responsible for an estimated 5 to 10% of cancer cases in Europe and the
United States, specifically for cancers of the oral cavity, pharynx, larynx, esophagus, liver,
colorectum, and female breast.®* The mechanisms by which it causes cancer vary from site to
site.

The classical association of alcohol with carcinogenesis has been in the upper aerodigestive
tract, where it has acted as a tumor promoter in association with tobacco use in the etiology of
squamous cell malignancies. As tobacco use has declined, the incidence of these malignancies
has declined as well, and it is not clear that alcohol ingestion alone has a significant
carcinogenic effect for squamous cell malignancies of the oral cavity or esophagus. It does not
appear to be carcinogenic alone for adenocarcinomas of the esophagus.®?

Another tumor linked to alcohol consumption is hepatocellular carcinoma (HCC). HCC occurs
in this context in heavy drinkers, as the causal chain involves the development of cirrhosis.®® In



addition, alcohol use in moderation can act to enhance liver carcinogenesis caused by hepatitis
viruses.%*

While the relative risk is not high, but because breast cancer is so common, one of the most
important effects of alcohol may be through breast cancer, in which even modest consumption
is associated with elevated risk. The Nurses’ Health Study found a 30% increased risk of breast
cancer for women who drank 1.5 to 2 drinks per day (relative risk [RR], 1.28; 95% CI, 0.97,
1.69).55 The Million Women Study, conducted in the United Kingdom, showed that women who
consumed an average of one drink per day had a 12% increased risk of breast cancer (95%
Cl; 9, 14).%% This effect appears to be due to increased estrogen and androgen levels in women
consuming moderate levels of alcohol, though other plausible mechanisms have been
proposed.®’

Although there are some suggestive data, no clear associations have been established
between alcohol intake and either colorectal or pancreatic cancer in the United States. It is
worth mentioning that at moderate doses, many believe that alcohol ingestion has salutary
effects on cardiovascular health.%®

SUN AVOIDANCE

Results of epidemiologic studies show a correlation between the risk of nonmelanoma skin
cancers (basal cell and squamous cell carcinomas) and cumulative exposure to ultraviolet
radiation. Possible risk factors for melanoma include a propensity to sunburn, a large number of
benign melanocytic nevi, and atypical nevi. A history of severe sunburns, especially in childhood
and adolescence, is associated with increased risk of melanoma in adulthood. Recently,
concern has been raised about the increasing use of indoor tanning and tanning beds, as it is
increasingly clear that tanning beds increase the risk of melanoma.®’° Measures calling for
their regulation have been proposed.’

Reduction of sun exposure through the use of protective clothing and a change in one’s
pattern of outdoor activities to avoid the most intense and direct sunlight have been advocated
as ways to reduce the risk of skin cancer. Although past studies have been inconclusive, one
randomized trial did confirm that sunscreen use can reduce the risk of melanoma.”?"3

DIET MODIFICATION

Rates of cancers of the breast, colon, endometrium, and prostate are higher in North America
and western Europe than in Asia. Immigrants from Asia and their offspring acquire a higher risk
for these cancers after they have been in the United States for some time. These observations,
as well as data from animal studies, are the basis for the hypothesis that dietary modification
can significantly lower cancer risk for individuals in the United States.’* Diet is a highly complex
exposure to many nutrients and chemicals. Low-fat diets, which are usually low in red meat and
high in fruits and vegetables, may render some protection through anticarcinogens found in
vegetables, fruits, legumes, nuts, and grains. Potentially protective substances found in foods
include phenols, sulfur-containing compounds, and flavones.”> Although the cancer-prevention
benefits are theoretical and not fully demonstrated, such a diet does lower the risk of cardiac
disease. However, vitamins, minerals, or nutritional supplements in amounts greater than those
provided by a good diet have not been demonstrated to be of value. Most randomized trials of
vitamin supplements have not shown benefit in terms of prevention and, in some instances,
have even shown harm (discussed in the section on Chemoprevention).

Despite correlative data, the dietary fat—cancer hypothesis has not been definitively



demonstrated. Case—control and cohort epidemiologic studies yield conflicting results. No
prospective clinical trial has demonstrated that cancer can be prevented through lowering
dietary fat or increasing fiber intake. Studies, including randomized trials, have consistently
shown no effect of dietary fiber intake on colon cancer risk.”¢’” The Women's Health Initiative,
which included a randomized trial with a low-fat diet intervention, also did not indicate an effect
on risk of cancers of the breast or colon.”®7® Nonetheless, a randomized trial of more than 2400
women with early-stage breast cancer showed that patients randomly assigned to a low-fat
diet, in addition to standard adjuvant therapy, had a significantly improved survival compared
with women on a regular diet (hazard ratio [HR], 0.76; 95% CI; 0.60, 0.98).8°

WEIGHT REDUCTION AND PHYSICAL ACTIVITY

Many consider obesity to be the second most important risk factor for cancer in the United
States, after tobacco.?! In the West, 9% of cancers have been attributed to obesity.8? Obesity
represents the effects of an individual's net caloric intake, which is the amount consumed
versus the amount expended through physical activity. Changes in either of these variables will
impinge on the measure of obesity, thereby affecting cancer risk. Operationally, obesity is

generally measured with the body mass index (BMI): (weight in kg)/(height in meters)?. For
U.S. adults, a BMI greater than 25 is considered overweight and obesity is defined as a BMI
greater than 30.

Obesity affects cancer risk through a number of mechanisms, including hormone metabolism,
thereby affecting breast, endometrial, colon, and prostate cancer risk, or by increasing
esophageal reflux, which affects the occurrence of Barrett metaplasia and esophageal
adenocarcinoma.®*8 The International Agency for Research on Cancer (IARC) of the World
Health Organization, a widely accepted source for the classification of cancer-causing agents,
has linked 13 cancers to obesity with sufficient evidence that an elevated risk exists for those
with an excess BMI (esophageal adenocarcinoma, gastric cardia adenocarcinoma, colorectal
cancer, liver cancer, gallbladder cancer, pancreas cancer, postmenopausal breast cancer,
uterine cancer, ovarian cancer, renal cell carcinoma, meningioma, thyroid cancer, multiple
myeloma) and an additional 3 (fatal prostate cancer, male breast cancer, diffuse large B-cell
lymphoma) for which there is limited evidence of a link.8> Obesity also may increase cancer risk
by inducing insulin resistance, hyperinsulinemia, oxidative stress, or inflammation—all of which
are associated with increased cancer risk. These phenomena are generally observed in
conjunction with obesity with an abdominal distribution of adiposity, and in those who are
physically inactive—a syndrome known as metabolic syndrome.® There are also adipokines
that arise in those who are obese, such as leptin, omentin, and others, that are associated with
the promotion of cancer progression.’

ASCO recently issued a position statement recognizing the importance of weight and obesity
and encouraging efforts to reduce weight in obese and overweight patients.® Although obesity
does appear to be related to the incidence and prognosis of a number of cancers, there are
relatively few data on whether weight loss can ameliorate the risk.8® At least one recent study
of approximately 37,000 postmenopausal women in the Women’s Health Initiative showed that
intentional weight loss among postmenopausal women was associated with a reduced risk of
endometrial cancer; specifically, women who had a greater than 5% intentional weight loss over
a 3-year period compared with women with a stable weight had a hazard ratio for endometrial
cancer of 0.71 (95% CI; 0.54, 0.95) during an 11-year follow-up period. Those who gained
weight had a higher risk of endometrial cancer.®® Recent studies in this area have focused more



on weight loss among cancer survivors than on the use of weight loss to prevent cancer.
Another ASCO statement has recommended that steps be taken to plan large-scale trials to
assess the impact of weight loss and increased physical activity on cancer survivors in terms of
reducing cancer recurrence and the incidence of new primary cancers.%

Physical activity has been studied for two decades and has been shown to be protective
primarily for breast cancer and colorectal cancer, as well as for endometrial cancer and
prostate cancer. Approximately 25% of the population is considered sedentary, and this lifestyle
is considered to be responsible for up to 5% of cancers.®?> For those in whom these cancers
develop, increases in physical activity appear to be helpful for survivors, although large, elegant
phase IIl trials are lacking. Its strongest associations appear to be for cancers of the
alimentary tract.®3:%

OCCUPATIONAL CARCINOGENS

Since Percival Pott recognized an increased risk of scrotal cancer among chimney sweeps in
18th-century London, it has been understood that occupational exposures can increase the risk
of certain cancers. The most important of the occupational exposures to carcinogens has been
to asbestos, which is prominent among construction workers, pipefitters, and shipyard workers.
Asbestos has been closely linked to the incidence of mesothelioma, lung cancer, and probably
gastrointestinal tract malignancies. Another classic exposure has been radon inhalation, which
occurs in uranium miners and potentially from exposure to radon in the home; radon increases
the risk of lung cancer. Various other organic and aromatic chemicals are linked to the risks of
leukemia and cancers of the urinary collecting system.

IONIZING RADIATION

As noted above, radon exposure through inhalation can be carcinogenic to the lungs. The
effects of other sources of radiation exposure and radiation carcinogenesis, particularly on
hematologic malignancies, have been well recognized since their discovery at the turn of the
19th into the 20th century. The most prominent source of such exposure stemmed from the
atomic bomb explosions in August 1945 in Japan, and much of what we know about radiation
dosimetry, latency, and carcinogenic effects comes from the careful and meticulous studies
undertaken in the wake of those events. The other major source of radiation exposure is
therapeutic radiation, mainly in the treatment of malignancies, hence the observation of second
malignancies as a consequence. Exposure to ionizing radiation is associated with an increased
risk of breast, lung, esophageal, and bladder cancers, leukemia, sarcoma, and brain tumors. It
has also been linked to thyroid cancer when there is exposure to radioactive iodine, as in the
aftermath of the Chernobyl nuclear accident, which released radioactive iodine into the
atmosphere.®> Efforts to reduce the use of radiation therapy, to minimize the size of treatment
fields, and to avoid the use of an alkylating agent in combination with radiation therapy are well
known in order to reduce the risk of second malignancies.®6:°7

Recently, concern has arisen about the increased use of diagnostic radiation exposure in
medical care and its potential carcinogenic risks from cumulative exposure. On a population
scale, sophisticated modeling has suggested that a significant increase in cancers can be
anticipated from this widespread phenomenon.®® An initial modeling study by Brenner and
colleagues estimated that a single computed tomography (CT) scan in the pediatric population
could raise the lifetime risk of abdominal cancer by 0.18% and of brain cancer by 0.07%—small
but definitive.®® A subsequent study in the United Kingdom confirmed that one extra leukemia



and one extra brain tumor would occur as a consequence of 10,000 head CT scans conducted
in a pediatric population.’®® The risks were estimated to be similar for adults, though the
evidence is not as strong. Furthermore, it is estimated that as high as 1.5 to 2.0% of cancers in
the United States can now be attributable to diagnostic radiation.°*

INFECTIOUS AGENTS

Virally induced cancer has been recognized since the early part of the 20th century, with the
discovery of Rous sarcoma virus in chickens. In humans, several viruses, including hepatitis B
(causing HCC), hepatitis C (HCC), Epstein—Barr virus (Burkitt lymphoma), and HPV (cervix
cancer, other anogenital squamous cell malignancies, and head and neck carcinoma) have been
clearly established as carcinogenic. An understanding of retroviruses has broadened our
appreciation of other viral agents, such as human herpesvirus 8, which is associated with the
development of Kaposi sarcoma.'21% |n addition, the bacterium Helicobacter pylori (H. pylori)
was found to be associated with certain gastric cancers, specifically non-cardia gastric
carcinomas and mucosa-associated lymphoid tissue (MALT) lymphomas. These agents provide
targets for vaccination as a means of primary prevention. This has been achieved for hepatitis
B4 and for HPV.105106 Since the hepatitis B vaccine was introduced in Taiwan in 1984, the risk
of hepatoma (the leading cancer in Taiwan) has been reduced by more than 70% among those
vaccinated. %’

Another success has been the introduction of a vaccine for several subtypes of HPV. HPV
vaccination is now recommended for young girls prior to becoming sexually active, which should
reduce the incidence of cervix cancer by 70% or more. The Centers for Disease Control and
Prevention (CDC) recommends the vaccine for boys as well. More recent studies have
suggested that one or two vaccinations may suffice to give an adequate immune response
versus the previously recommended three vaccinations; fewer vaccinations may increase
compliance.%8109 |n fact, for the 9-to-14-year age group, the current recommendation is for two
vaccinations given 6 to 12 months apart. As of 2016, HPV vaccination rates for children and
adolescents, especially those in the target range of 13 to 17 years, were lagging, with
vaccination rates for girls in the 55-t0-60% range and for boys in the 35% range.'° Because
these same viruses are involved in other cancers, the incidence of anal, vaginal, penile, and
oropharyngeal cancers may also decline, particularly if vaccination of boys becomes
common, 1112

Another infectious cause of cancer is Schistosoma haematobium, which is strongly linked
causally with urinary bladder cancer in Egypt.'** The mechanism by which it causes cancer is
poorly understood. Certain liver flukes are also associated with cholangiocarcinoma.

m Avoidance of carcinogens is the most efficient way to prevent cancer. Smoking is the
cause of nearly one-third of all cancers in the United States. Other environmental
influences, such as sun overexposure, certain chemicals, and certain infectious agents,
are associated with cancer causation.

m Obesity is a risk factor for cancers, including endometrial, breast, colon, and esophageal
adenocarcinoma.



® \/accination against cancer-causing viruses can decrease the risk for developing cancer.
Important examples include hepatitis B vaccination to decrease the risk of HCC and HPV
vaccination to decrease the risk of cervix cancer.

CHEMOPREVENTION AND OTHER PREVENTIVE INTERVENTIONS

Cancer chemoprevention is the use of natural or synthetic chemical agents to reverse,
suppress, or prevent carcinogenesis before the development of an invasive malignant
process.'** Cancers are prevented through chemoprevention or, in certain cases, through
surgical removal of the organ at risk. Although the concept that pharmacologic agents can
prevent a cancer is relatively new, the idea that a compound can prevent chronic disease is not.
Antihypertensive agents are used to prevent heart disease, kidney disease, and stroke. Lipid-
lowering drugs are prescribed to prevent coronary artery disease.

The initial genetic changes of carcinogenesis are termed “initiation.” This alteration can be
inherited or acquired. Acquired genetic damage is the result of physical, infectious, or chemical
carcinogens (Table 1-3). The influences that cause the initiated cell to change phenotypically
are called “promoters.” Known promoters include androgens linked to prostate cancer and
estrogen linked to breast and endometrial cancers. The distinction between the initiator and the
promoter can sometimes blur; some components of cigarette smoke are referred to as
“complete carcinogens” and serve as both initiators and promoters. Cancer can be prevented
or controlled through interference with the factors that cause disease initiation, promotion, or
progression.

Compounds of interest in chemoprevention include anti-inflammatory agents, antioxidants,
differentiating agents, and hormone antagonists. A long-term, randomized, placebo-controlled
clinical trial is generally necessary to establish the efficacy of a chemopreventive agent, and
several large clinical trials have been completed.*'>1” As discussed in the following sections,
tamoxifen,!'> raloxifene,'” and aromatase inhibitors!® have been shown to reduce the incidence
of breast cancer. In addition, nonsteroidal anti-inflammatory drugs (NSAIDs), particularly
aspirin, can reduce the occurrence of colorectal adenomas in various circumstances and have
also been shown in long-term follow-up of randomized trials to reduce the incidence of colon
cancer, breast cancer, and a variety of other cancers.°'?0 Finasteride and dutasteride reduce
the incidence of prostate cancer.''%12! Retinoids may inhibit head and neck cancers.'?? Selenium
and vitamin E were shown not to reduce prostate cancer risk.'?3 Other agents of interest for
the chemoprevention of breast, colon, and other cancers have included calcium and vitamin
D.124125 Most observational studies have not shown a benefit from the use of multivitamins.
However, in a prospective, randomized trial of a daily multivitamin compared with placebo for
U.S. male physicians, there was a small but statistically significant reduction in the incidence of
cancer among the men assigned to multivitamin treatment.'2¢ Statin drugs have also been of
interest for chemoprevention and may have some minor preventive activity for prostate
cancer.'?” Table 1-4 contains a list of selected large, randomized chemoprevention trials that
have been Conducted_115-118,121-123,126,128-153



Table 1-3 Examples of Initiators and Promoters of

Cancer*

Carcinogen Associated Cancer or Neoplasm
' Alylating agents | Acute myelocytic leukemia, bladder
Androgens | Prostate '
Ammatic amines (dyes) [ Bladder
Arsenic Lung, skin
Asbestos Lung, pleura, pertoneum
Benzene | Acute myelocytic leukemia
' Chromium T
| Diethylstibestrol (prenatal) | Vaginal (clear cell)
' Epstein-Bar virus | Burkitt lymphoma, nasopharynx
“E.ﬂj'ogens | Endometrium
Estrogen plus progesterone | Breast
| Ethyl aloohol | Liver, esophagus, hsaﬁ;r-'l;ﬂ_;édt
Helicobacter pylori | Gastric
Hepatitis B virus | Liver
' Hepatitis C vinis | Liver
?m::g-‘?lnjlsreukmua Adult T-cell leukemia, ymphoma
:I:H“‘:ra;}hemm . Kaposi sarcoma

Human immunodeficiency
virus (HIV)

| Mon-Hodgkin lymphoma, Kaposi

sarcoma, squamous cell carcinoma
of cervix

Human papdlomavins

Squamous cell carcinoma of cenix

(HFV) anogenital area, orophanms
Immunosuppressive agents |

(azathioprine, cyclosporine, | Non-Hodgkin lymphoma
corticosteroids)

Nitrogen mustard gas | Lung head and neck, nasal sinuses
Nickel dust | Lung nasal sinuses '
Phenacetin | Renal pelvis, bladder

Polycycic ammatic | Lung skin (especially squamous
hydrocarbons cell)

Schistosomiass Bladder (squamous cell)

Sunlight (ultraviolet) | Skin (squamous cell and melanoma)
Tobacco (including Upper aerodigestive tract, bladder,
smokeless) pancreas

Vinyl chloride | Liver (angiosarcoma)

*Thesa agents aee thought 1o act as cancer inidators or promoders for the cancers

with which they hawe been assotiated.

CANCERS OF THE LUNG, HEAD, NECK, AND ESOPHAGUS

Tobacco smoking is the major cause of squamous cell cancers of the lung, head, neck, and
esophagus. The risk of a second cancer of the lung, head, or neck is high—as great as 5% per
year—for patients cured of these diseases. This is because of “field cancerization,” meaning
the carcinogens in tobacco smoke affect all tissues exposed to them. Even after smoking
cessation, the tissues that have come in contact with smoke have residual molecular damage.
For the esophagus, head, and neck, alcohol ingestion has an interactive effect with smoking.
Other cancers of the lung (e.g., small cell and adenocarcinoma) also are associated with
tobacco use. Very high rates of oral cancer are found in India because of the practice of
chewing betel nuts. HPV infection, particularly the HPV-16 subtype, has been linked to
oropharyngeal cancer'®4; a significant increase in incidence is anticipated in the coming years



as a consequence, though the introduction of HPV vaccination may reduce this effect.

Tabke 1-4 Randomized Chemoprovention Triaks

Study Setting” Number of Primary
Author [Year, Trial Name) Endpoint Patients Intervention Outeame
Head and Neck
[ ang et aL (100077 [ poor 50C [ 103 [ isotretionin (100 engy e’y | Posve (56T)
[ Bota et al, (1994 Prar SCC 316 | Ereetinate (50, 25 mg/day) | hegate
[ wnur e &, 2006 [ poor scc 1150 Isotetingn (30 myg/day) Negatve
==
Wm.uaﬁ&alﬂ:tm Lueg cancer 2943 ghru:ﬁ;;]omyﬂy}:mh[ Hegate
gy day); vitanin &
Dmenn ot o, (1996: CARETY'™ | Lung cancer 18314 qc::;: ;fmfm”‘ - Negate
| Pastoring et ot (1953 Wusm L | Vicamin A (300,000 W/day) | Posive (5FT) |
van Zancwije et ol (20000 | Pror HNG, NSCLE 2582 :L’TSJ& Eﬁﬁ" 150,000 Ljderk: | pegites
[ Lppman et i, (2001)"™ | Peor NSCLC 1166 sowetingin (30 mg/day) | Negamie
[ avp o0 a1 (2013 Prior NSCLC 1,561 Seleniuen (H00 ug/dar) ' Negatve
[ sma
Living ¢t al {1997)"* Pror BOG/S0C 524 mm::? mdk amn A |
[ Gaenberg et . (169007 | Poor ceysce 1805 | Camtens (50 m/dry} | hegate
| Tangrea et sl (1992 [ Poor et [ 981 [ tsoweninein (10 gfday) ' Hegatve
[ Mogn et al. (1997 | A | 2208 | vmn A 25,000 N/da | Pose
Bavinck et 8l (1995)" ::;uuaﬁon 38 Agitretin (30 mg/day) Posithe
[tk ot al (1596)™ [ Peor BoE/50C Tz [ Selenium (200 jeg/day) | Negate
| ' ' | Pocitie tor
Elmats ot al, (2000)™ A 240 Celpconily (200 mg bid) NEOMASNGME
kin Cane
| Chen es ot (20151 | Paoreccrsce | e | Hicotinanide {500 mg bid) | Pose
remt
[ Fisher et al (1998; BCPN™® | HghrigyBC | 13388 | Tamentton (20 mgrany) [ Postve
[ Vergnesd ot . 1988 [ee [ sa0s [ Tameaiten (20 mg/day) | negate
| Powies & aL 1oy | High risk/BC 2471 | Tasmniten (20 mg/day) ' Negatoe
| Fisher o st (1999)1% DCIS/BE 1804 Tamenifen (20 mg/day) | Pose
: Veronesi et ol (1999)" [cee [ zam2 | Fervetinige (200 éq.rm-;} @m
Rakinitene (60 mfday) vi tessiten
.mluumsuﬂ]‘" High risk/BC 19,747 | 20 mgsam /ey . Ecusl
Goss et 8. (2011)""° High risk/BC 4550 Exemestane (25 myg/day) Posithe
: Cuzick et ol (2014)" High risk/BC 1920 Anastrocole (1 mifday) | Prithe
Colorectal
Wactrwshi- Wende et al (2006 | Colormctal cancer 36200 zm;ﬂ (500 e, i) witassin Dny (200 [
| Prostate ) )
Thompaon et al. (2006; PCFT)'™® | Prostate cancer 16882 | Finasteride (5 mg/dm) | Positive
| Angole et al. (2010 | Prsite cances 672 | Duastedde (0.5 mg/dy) | Positve
Uppman et al. (2009; SELECT™™ | Prostats cancer 38533 :;f‘:;j:: Refday) AT E | e
Esephagus, Stomach
Biot et ol (1993; Lewian)'™ | Geopaphic fk | 29,584 | Mutigie viamins/minesats | Megative
| Ueal (1993 | Geogaghicdsx | 3318 | Mulipe viamny/mineals | Megative
Al Cangers
Hennekens e . {1996; PHS)™ | Heakthy men 2071 | Camters: (50 myg qod) | Megative
Lee et ol (1999 Heakhy woenen BATE Comtent (50 g ood) [ Megave
| Gadano ot o (2012 | Heakhy men 14641 [ Wutreamn [ Positve

Mstred g AK, st hiegtonn B, bt pater BOT, Sl Gl candingeng | i, tue daly CBC, ooafeplantl Boodnd divions, DTS, duntl daniisiend i B HAE, Bt ol
faisch Chnoer, WA, N-aoefyicyeing: NECLE, aon-small ol leng canoer oo, every ity day; SOC, squbmout ool carcingma; SPT, second primary Semar,

In the United States, incidence rates for esophageal adenocarcinoma are among the most
rapidly increasing since the late 1970s. This cancer occurs as a sequela of Barrett esophagus
and is thought to be the result of gastroesophageal reflux disease.®®
Esophagogastroduodenoscopy often is used as regular surveillance to detect Barrett
esophagus among patients with gastroesophageal reflux disease; however, there is no
convincing evidence that demonstrates a reduction in the subsequent incidence or mortality of
esophageal adenocarcinoma.

Rates of squamous cell carcinoma of the esophagus have been declining concomitantly with
the rise of adenocarcinoma, reflecting the decline of smoking prevalence. Very high rates of



squamous cell carcinoma have been identified in a belt spanning central Asia from northern Iran
to China,*%¢ with evidence implicating local risk factors, such as the ingestion of very hot tea and
the smoking of opium.56:155.157

Several large-scale studies have been launched to assess potential chemopreventive agents
for patients at high risk for lung cancer. The Alpha-Tocopherol, Beta-Carotene (ATBC) Cancer
Prevention Trial**® and the Beta-Carotene and Retinol Efficacy Trial (CARET)3! were
prevention trials that showed the importance of testing even seemingly harmless
chemoprevention agents, such as vitamins, before widespread use. The results of both trials
are in contrast to numerous observational studies. The ATBC trial enrolled Finnish male
smokers between ages 50 and 69. Participants received alpha-tocopherol, beta-carotene,
both, or placebo in a randomized, 2x2 factorial design. After a median follow-up of 6 years,
there was a significant increase in lung cancer incidence and mortality for the participants who
received beta-carotene. Alpha-tocopherol had no effect on lung cancer mortality. CARET
enrolled 17,000 smokers and workers exposed to asbestos. Participants were randomly
assigned to four arms and received beta-carotene, retinol, both, or placebo in a 2x2 factorial
design. The results of the trial demonstrated a 28% increase in lung cancer and a 17%
increase in deaths for the participants receiving beta-carotene. The reason for this outcome is
uncertain; it occurred despite beta-carotene’s role as both an antioxidant and a precursor to
retinol.

Retinoids have shown some efficacy as chemopreventive agents for squamous cell
malignancies of the head and neck, possibly by promoting terminal differentiation.'?8 One study
randomly assigned 103 patients with a first primary squamous cell carcinoma of the head and
neck to the retinoid analogue 13-cis-retinoic acid or to placebo.'?? At 3 years, there were two
second primary head and neck cancers in the intervention group compared with 12 in the
placebo group (p = 0.005). However, because of toxicities, two follow-up phase Il trials (in
curatively treated NSCLC or head and neck cancer patients) were conducted using lower
doses of 13-cis-retinoic acid and both had negative results.129.134

GASTRIC CANCERS

Heavy intake of smoked and cured meats and foods, limited consumption of fresh fruits and
vegetables, and infection with H. pylori are associated with an increased risk of gastric cancer.®
Gastric cancer was the most common cancer in the United States prior to World War I, but it
is now much less common. This decline is thought to be the result of increased consumption of
fresh meats, fruits, and vegetables and decreased consumption of cured/smoked foods.
Experimental evidence of causality is scarce. Gastric cancer remains a very common
malignancy in Japan, Latin America, China, and in parts of the developing world. A randomized
trial in China of eradication of H. pylori infection with a combination of omeprazole, amoxicillin,
clavulanate, and metronidazole did not show a reduction in subsequent gastric cancer
incidence. Nonetheless, patients who had no gastric pathology at study entry did show a
significant reduction in gastric cancer incidence in subgroup analysis.**® The rates of cancer of
the gastric cardia and esophageal adenocarcinoma are rising, and there is evidence to suggest
that this may be a consequence of recent declines in the prevalence of H. pylori.**° It is unclear
why cancers of the proximal stomach and distal stomach may have inverse associations with
the presence of H. pylori. Nonetheless, it may be one reason the incidence of distal gastric
cancer in the United States has been declining while the incidence of proximal and
gastroesophageal junction cancer incidence has been rising.16°



COLON CANCER

Findings from epidemiologic studies suggest that NSAIDs, such as piroxicam, sulindac, and
aspirin, have protective effects against adenomatous polyps and invasive cancer.!19120.161 The
results of prospective intervention trials have demonstrated positive effects on the prevention of
polyps. Meta-analyses of randomized trials of aspirin designed to assess other endpoints have
demonstrated that these agents prevent colon cancer.*'°'20 In a placebo-controlled trial, high-
dose celecoxib, a cyclooxygenase-2 (COX-2) inhibitor, was found to reduce the occurrence of
colorectal polyps for patients with familial adenomatous polyposis.t®? A prospective,
randomized trial of patients with a history of colorectal adenomas demonstrated a 20%
reduction in recurrence of polyps for patients who received celecoxib.®® Trials to assess COX-
2 inhibitors and other NSAIDs for the prevention of colorectal adenomas have shown preventive
benefits; however, these agents are associated with increased cardiovascular risk. Another
study suggested that the risk of colon cancer can be reduced by doses of aspirin as low as 80
mg daily.®* One observational study suggested that COX-2 inhibitors could improve mortality
when used for patients with node-positive colon cancer.'%> This may be partly because of a
beneficial effect on cancer metastasis.®® Several subsequent studies have confirmed that
aspirin used as an adjuvant therapy for stage Il colon cancer could reduce mortality, and
several randomized trials have been initiated.67168

The Women's Health Initiative was a prospective, randomized study involving
postmenopausal women randomly assigned to either combination estrogen plus progestin or to
placebo. The rate of colorectal cancer was lower for women taking the study drug compared
with those taking placebo.'%® However, the effect is offset by the cardiovascular and breast
cancer risks associated with treatment with estrogen plus progestin.’°

The results of epidemiologic studies indicate that diets high in calcium are associated with a
lower risk of colon cancer. However, in the Women’'s Health Initiative study, calcium and vitamin
D supplementation did not lower the incidence of colorectal cancer.'*® Evidence from
prospective, randomized studies shows that calcium supplementation decreases the risk of
recurrence of adenomatous polyps by approximately 20%."* However, a more recent trial
failed to confirm these findings.'”? Calcium binds bile and fatty acids, reducing intraluminal
exposure to compounds that cause hyperproliferation of the colonic epithelium.

Meat and fat intake have been linked to colorectal cancer incidence in numerous
observational studies. Nonetheless, another Women's Health Initiative randomized, controlled
trial found that there was no difference in the incidence of colorectal cancer among women
assigned to a low-fat diet as compared with controls, though this study was relatively short-
term and the difference in fat intake may have been too small.”

Colectomy is used as a preventive measure for individuals at extremely high risk of colon
cancer as a result of a history of ulcerative colitis or of a genetic predisposition to the disease,
such as familial adenomatous polyposis.t’3

No chemopreventive agent is currently recommended for the prevention of colorectal cancer
for individuals at average risk, although the U.S. Preventive Services Task Force (USPSTF) has
recently updated its guidelines for the use of low-dose aspirin for the prevention of coronary
artery disease for adults at average risk to include the benefit of a reduction in colorectal
cancer incidence as well.'’# The use of NSAIDs for patients with familial adenomatous
polyposis following colectomy may be reasonable in conjunction with endoscopic
screening.162175.176¢ For patients with hereditary nonpolyposis colon cancer, a randomized trial
demonstrated that the use of 600 mg of aspirin for 2 years substantially reduced the incidence
of colorectal cancer.'’”



LIVER CANCER

Hepatitis B—induced HCC is one of the most commonly diagnosed cancers in Asia. The use of
hepatitis B vaccine has been advocated for its ability to prevent the disease. Reductions in the
incidence of HCC in Taiwan and elsewhere suggest some success.'%* Although HCC is much
less common in the United States, there has been a rise in incidence rates because of an
epidemic of hepatitis C, which also leads to HCC, but for which no vaccine is available. For
patients who are diagnosed with hepatitis C, new drug treatment to eradicate the hepatitis C
virus may be expected to decrease the risk for HCC in the future. As a result, increased efforts
at screening for chronic hepatitis C have been recommended; the CDC currently recommends
screening all those born between 1945 and 1965 for hepatitis C, as well as those with a known
elevated risk.17®

BREAST CANCER

Tamoxifen has mixed estrogenic and antiestrogenic activities. It acts as an estrogen agonist in
the endometrium and bone and as an estrogen antagonist in breast tissue. It also upregulates
transforming growth factor beta, which decreases breast cell proliferation. In randomized,
placebo-controlled trials to assess tamoxifen as adjuvant therapy for patients with early-stage
breast cancer, this drug was found to prevent new cancers in the contralateral breast. The
Breast Cancer Prevention Trial was a randomized, placebo-controlled study of more than
13,000 women at high risk for breast cancer. After a median treatment of 69 months, tamoxifen
was found to decrease the risk of breast cancer by 49%. It also was associated with a
reduction in bone fractures and with a small increase in the risk of endometrial cancer, stroke,
pulmonary emboli, and deep vein thrombosis.''>14¢ The Study of Tamoxifen and Raloxifene
(STAR) trial compared tamoxifen with the selective estrogen-receptor modulator raloxifene for
postmenopausal women; it was found that raloxifene decreased the risk of invasive breast
cancer by rates similar to those for tamoxifen, but did not decrease the risk of noninvasive
breast cancer. Compared with tamoxifen, raloxifene was associated with a lower risk of
endometrial cancer, as well as with a lower risk of thromboembolic events and cataracts.*’
Further follow-up of the STAR trial for more than 6 years found that approximately 75% of the
effectiveness of raloxifene versus tamoxifen was maintained with significantly less toxicity.1"®
Another randomized trial showed that an aromatase inhibitor, exemestane, could also prevent
breast cancer in postmenopausal women.'8 In a trial with 4560 postmenopausal women
randomly assigned to exemestane or placebo, exemestane reduced the risk of breast cancer
by 65% (95% CI; 0.18, 0.70) as compared with placebo. Similarly, the Second International
Breast Cancer Intervention Study (IBIS-Il) examined another aromatase inhibitor, anastrozole,
in 1920 postmenopausal women and found the risk of breast cancer to be reduced by 53%
(95% CI; 0.32, 0.68).14% Despite these trials, uptake of these drugs for breast cancer
prevention has been relatively low.8°

The Women'’s Health Initiative was discontinued early in part because of the increased risk of
breast cancer (odds ratio, 1.26) among women who were postmenopausal and who were
taking active hormone-replacement estrogens with progestins.*®t A parallel trial of estrogen
alone compared with placebo for women with a prior hysterectomy did not show an increased
risk of breast cancer among women taking estrogen.®? An analysis of the Women’'s Health
Initiative trials concluded that there was no overall benefit of postmenopausal estrogens for
women, except perhaps for short-term reduction of hot flashes.*83

Prophylactic bilateral mastectomy to prevent breast cancer has not been assessed in a



randomized trial. In a prospective series of 139 women at high risk for breast cancer because
of deleterious germline BRCA1 or BRCA2 mutations, 76 chose prophylactic bilateral
mastectomy and 63 chose close surveillance. At 3 years, no breast cancer was diagnosed in
those who chose surgery; eight women in the surveillance group had been diagnosed with
breast cancer.'® This study was small, of short duration, and by design, prone to selection
biases. However, the observation that the short-term risk of breast cancer appears to be lower
for women with certain BRCA1 and BRCA2 mutations who choose prophylactic mastectomy
has been confirmed in other studies.85186 Because this surgery leaves some breast tissue
behind, a patient’s risk is not reduced to zero. When coupled with prophylactic bilateral
salpingo-oophorectomy, ovarian cancer risk is markedly decreased, and there is an added
benefit for breast cancer prevention.8 Retrospective analysis of mastectomies for 214 women
at high risk for breast cancer because of a family history suggests that prophylactic
mastectomy can lead to a 90% reduction in risk.'8” One large study of patients from 11 centers
investigated 1079 women with deleterious BRCA mutations and compared those who self-
selected salpingo-oophorectomy with those who did not. With 3 years of follow-up, the
prophylactic surgery was associated with an 85% reduction in the risk of gynecologic cancer
and a 72% reduction in the risk of breast cancer in the BRCA1 group, but there was no clear
benefit for BRCAZ2 carriers.'88

A Cochrane review concluded that bilateral prophylactic mastectomy for those at very high
risk for breast cancer (e.g., those with deleterious BRCA mutations) was effective in reducing
the incidence and subsequent mortality from breast cancer.'®® One study has suggested that
prophylactic bilateral oophorectomy in this setting would prevent at least 80% of ovarian
cancers as well.1%°

PROSTATE CANCER

Androgens stimulate prostate cell proliferation and, in laboratory animals, cause prostate
carcinogenesis. Finasteride decreases androgenic stimulation of the prostate by inhibiting 5-
alpha reductase. This enzyme, which is found in high amounts in the prostate, converts
testosterone to the more potent dihydrotestosterone. Finasteride was tested as a preventive
agent for prostate cancer in the Prostate Cancer Prevention Trial—a 10-year, randomized,
placebo-controlled study involving 18,000 men age 55 or older. Results of the study showed
that this drug was associated with a 24.8% reduction in the risk of prostate cancer during the
treatment period. There were some initial concerns regarding an observed increased incidence
of high-grade tumors that developed while patients were treated with finasteride.®! Later
reanalyses showed that these observations were a result of the statistical methods used and
that there were no true increases in high-grade tumors.192

A study of another 5-alpha-reductase inhibitor, dutasteride, also found a protective effect
against prostate cancer.'?! Long-term follow-up of the finasteride study showed that, despite
the reduction in incidence of prostate cancer, there was no improvement in overall survival.1®3
Although finasteride reduced the incidence across all Gleason grades, it reduced the
prevalence of lower-grade tumors disproportionately. This raises the interesting question of
whether the use of a chemopreventive agent is worthwhile solely for incidence reduction if a
reduction in mortality does not accompany it.

Testosterone-replacement therapy (TRT) has also become more popular over the past
decade. As many as 3% of men older than age 50 receive some form of it. As a consequence,
the question of its relationship to prostate cancer risk has been raised. No cohort study large



enough to adequately address the question has been conducted to date, but several small
studies have shown no evidence of an increase in prostate cancer risk associated with TRT, nor
has there been evidence of progression of existing prostate cancer induced by the concomitant
use of TRT.1%4

Findings from epidemiologic studies indicate a correlation between a high intake of
antioxidants, such as selenium and vitamin E, and a lower risk of prostate cancer. The results
of a small, randomized skin cancer prevention trial of selenium compared with placebo showed
a significant decrease in the number of prostate cancers among men treated with selenium
compared with men receiving placebo.'®> Eight years into the ATBC Cancer Prevention Trial,
which enrolled 29,000 men in Finland, 99 cases of prostate cancer were reported among men
receiving vitamin E and 151 cases were reported among men taking the placebo (RR, 0.66;
95% CI; 0.52, 0.86).1°¢ The cancers diagnosed were almost all detected as a result of the
workup of symptoms because there is no routine prostate cancer screening in Finland.
However, this difference had disappeared by the 18-year follow-up of this study.*®7

The prostate cancer findings in both of these trials were incidental results of a secondary
analysis. A prospective, randomized, placebo-controlled trial—the Selenium and Vitamin E
Cancer Prevention Trial (SELECT)—assessed these drugs in 32,400 participants and reported
no reduction in prostate cancer incidence.!??

GYNECOLOGIC CANCER

Conization, loop electrosurgical excision procedure (LEEP), cryosurgery, electrocauterization,
laser ablation, or even hysterectomy can be used to treat cervix dysplasia or intraepithelial
neoplasia, both of which are precursors to invasive cervix cancer. Vaccines for HPV have been
approved for young girls and boys and should lower the incidence of cervix cancer because
they have already been shown to decrease the incidence of intraepithelial neoplasia.®®

Studies have shown a strong protective effect against ovarian cancer for oral contraceptive
hormone preparations.®® However, there is no current recommendation for their routine use for
prevention. For women at very high risk for ovarian cancer because of a BRCA genetic
mutation, bilateral salpingo-oophorectomy after completion of childbearing remains the
treatment of choice (including fallopian tube removal).?®® Women with Lynch syndrome,
associated with large and small bowel polyps and cancers, are at elevated risk for endometrial
cancer and ovarian cancer. For these women, prophylactic hysterectomy and bilateral salpingo-
oophorectomy may also be recommended.

®m Drugs and vitamins to be used for prevention need to undergo the same rigorous
assessment of efficacy and toxicity as do therapeutic agents prior to recommendation.
Indeed, because they are generally administered to a healthy population, their toxicity
profile must be far safer than those of drugs used in the therapeutic setting.

®m Most randomized trials of vitamins or nutritional supplements as chemopreventive agents
have had negative results.

® Hormone inhibitors for hormone-dependent cancers, including tamoxifen and aromatase
inhibitors for breast cancer and antiandrogens for prostate cancer, have proven



efficacious as preventive agents and may have a role in clinical practice, though the
benefits must be weighed against potential side effects.

m Aspirin and other COX-2 inhibitors have also been shown to have preventive effects
against colorectal cancer in particular, and possibly against other malignancies as well.

®m The identification of infectious agents, such as hepatitis B and HPV, as causes of cancer
has had profound consequences in terms of providing highly effective interventions,
specifically vaccinations, that have led not just to reduced mortality but also to reduced
incidence of their associated cancers (HCC, cervical and other anogenital cancers).

CANCER SCREENING

Cancer screening is an attempt to detect cancer or its precursors early in asymptomatic
individuals, with the goal of intervening and decreasing morbidity and mortality. A screening test
is not typically diagnostic for cancer; rather, it determines whether cancer might be present and
whether additional testing, including a biopsy and staging, is necessary. To be of true benefit,
screening must lead to earlier treatment that offers a better outcome, usually reduced mortality,
compared with treatment that would occur at the onset of symptoms. Because of various
biases (discussed in the following section), the ideal evaluation of a screening technology is
through the assessment of disease-specific and overall mortality in a prospective, randomized
clinical trial.

Early detection of an apparently localized cancer does not automatically confer benefit.
There are screening tests for some diseases that have been found to be of no benefit, such as
chest x-ray screening for lung cancer or urine screening for vanillylmandelic acid to detect
neuroblastoma.?®® A number of common screening tests used in the United States offer
undetermined benefits.

POTENTIAL BIASES

The evaluation of the benefits of a screening test is subject to several biases, including lead
time, length, and selection biases, the influences of which are reduced in a randomized trial.?°?
These biases can lead one to believe that there is a benefit to a screening test when, in truth,
there is none; there may even be a net harm. Screening, regardless of benefit, will usually
increase the number of specific cancers diagnosed. It also can produce a shift in stage toward
lower stages; this will appear to improve survival statistics without reducing mortality (i.e., the
number of deaths from a given cancer per number of people at risk for the disease). In such a
case, the apparent duration of survival, measured from the date of diagnosis, would increase
without lives truly being saved or life expectancy being changed.

When pure lead-time bias occurs, survival—the time from diagnosis to death—is increased,
but treatment does not prolong life. Patients do not live longer; they are merely diagnosed at an
earlier date. The screening test only prolongs the time the individual is aware of the disease
and the time the individual is treated as a patient.

Length bias occurs when slow-growing, less-aggressive cancers are detected during
screening. Cancers diagnosed as the result of the onset of symptoms between scheduled
screenings are, on average, more aggressive, and treatment outcomes are not as favorable.
An extreme form of length bias is termed “overdiagnosis bias,” or detection of pseudo-disease.
Some undetected, slow-growing tumors fulfill the histologic criteria for cancer but would never



be clinically significant or cause death. This phenomenon is compounded by the fact that the
most common cancers are most frequent among older people. Other competing causes of
death, such as heart disease, become more relevant. This is particularly common in prostate
cancer.

Selection or volunteer bias must be considered when assessing the results of any clinical
trial. The group most likely to seek entry in the study may differ from the general population to
which the study results might be applied. In an assessment of a group of individuals undergoing
screening, individuals may have volunteered because of a particular risk factor not found in the
larger population, such as a strong family history. In general, volunteers are more health-
conscious and are likely to have better prognoses or lower mortality rates regardless of
actually being screened; this trend is referred to as the “healthy volunteer effect.”

ASSESSMENT OF SCREENING TESTS

Because of the biases described above, a screening intervention is best evaluated in a
population-based, randomized, controlled screening trial with disease-specific mortality as the
endpoint.2°2 Because gold-standard randomized screening trials for cancer are perforce large
(often involving thousands of people) and last for years, less-definitive study designs often are
used to estimate the efficacy and effectiveness of screening practices. In order of strength of
evidence from nonrandomized studies, efficacy can by assessed using the following:

® Findings of internally controlled trials in which intervention-allocation methods other than
randomization are used, such as allocation determined by birth date or by date of clinic
Visit;

®m Results of cohort or case—control analytic observational studies;

® Findings of multiple time series studies, with or without the intervention; and

m QOpinions of respected authorities based on clinical experience, descriptive studies, or
consensus reports of experts.
The last form of evidence is the weakest, because even experts can easily be misled by the
biases previously described.

POTENTIAL HARMFUL EFFECTS

Subjects can be harmed as a result of screening. A harmful effect can be associated with the
test itself, the workup of positive results of screening tests (both true-positive and false-positive
results), and injuries from the treatment of true-positive results. Screening can detect some
cancers that would never have caused medical problems; the unnecessary treatment of these
cancers can be harmful. In addition to the aforementioned adverse effects of screening, there
are the financial and emotional costs associated with screening and with all of the extra tests
and treatments.

ACCURACY

The accuracy of any medical test is usually described using four indices: sensitivity, specificity,
positive predictive value, and negative predictive value. The results of screening tests can be
classified into four categories. Definitions and calculations for these terms are provided in
Tables 1-5 and 1-6. Sensitivity and specificity are relatively independent of the underlying
prevalence or risk of the population being screened, but the positive and negative predictive



values are highly dependent on prevalence (Table 1-7). In other words, screening is most
beneficial, efficient, and economical when targeting a cancer common to the general population
or groups with a high prevalence (or high risk) of the specific disease being screened.
Sensitivity need not be extremely high (Table 1-7). However, it is worth reiterating that the key
criterion for the public health recommendation of a screening test is that it is able to reduce

cancer mortality.203
Table 1-5 Types of Results of Screening Tests

Condition Condition
Present Absent
Positive Results True positive (A) False positive (B)
Negative Results False negative (C) True negative (D)

A screening test that is not efficacious in reducing mortality in an average-risk population
does not become efficacious if used in a high-risk population. Conversely, if a screening test is
efficacious in reducing mortality, it is certainly preferred to use this test for higher-risk
populations (e.g., those with family history) or as a lung cancer screening test in smokers, but
this is because the yield will be higher, and thus the cost-effectiveness and, more importantly,
the positive predictive value will be better (i.e., there will be fewer false positives). But if the
screening test is not effective (i.e., does not reduce mortality), it will also not reduce mortality in
higher-risk populations and should not be used. A good example is chest x-ray screening, which
has been shown not to reduce lung cancer mortality. It would not work any better in heavy
smokers or asbestos workers, and it should not be used in those populations either. The
Prostate, Lung, Colorectal, and Ovarian (PLCO) Cancer Screening Trial recently demonstrated
that CA125 and transvaginal ultrasound screening are not effective in reducing mortality from
ovarian cancer (discussed as follows). Thus, despite their significantly higher risk, the use of
such screening would also not be indicated in BRCA carriers.



Table 1-6 Indices for Describing the Accuracy of

Screening Tests

Ability
Term Definition of Test Equation
anpnmnnpf people To detect
with the disease diEeass
Sensitivi who h iti A/(A+C
ensitivity 0 have a positive hon 6 / (A +C)
result on i
a screening test s
Proportion of people
p e To correctly
who do not have the identify the
Specificity | disease who have D/(B+D)
- absence of
a negative result on di
a screening test R
Proportion of people | To
Positive with a positive result | accurately
predictive on a screening test | predict the A/ (A+B)
value who actually have presence of
the disease disease
Proportion of people To
Negative o :: av: alegaie accurately
predictive | ' O predict the | D / (C + D)
a screening test who
value absence of
truly do not have the
: disease
disease

Abbreviations: A, true-positive result; B, false-positive result; C, false-negative result;
D, true-negative result.

Table 1-7 Influence of Prevalence on Predictive Value

Positive Predictive Value
(PPV) for a Disease with
Prevalence of 5 Affected
Individuals per 1000

Positive Predictive
Value for a Disease with
Prevalence of 1 Affected
Individual per 10,000

Population Population
Sensitivity Sensitivity
0.8 0.95 0.8 0.95
Specificity PPV PPV Specificity PPV PPV
0.95 7% 9% 0.95 0.2% | 0.2%
0.999 80% | 83% | 0999 7% 9%




®m Evaluation of the benefits/efficacy of a cancer screening test is far more complicated
than simply performing the test and detecting localized cancers.

®m The biases of screening are volunteer selection, lead time, length, and overdiagnosis.
These biases can make a screening test appear beneficial when there is actually no
benefit, or they may even cause harm.

m To offset these biases, a randomized trial is the best way to assess a screening test with
the endpoint of reduction in cancer-related mortality.

®m While not the metrics by which to decide whether a screening test should be used on a
large scale, sensitivity, specificity, and positive predictive value can be important
measures of the efficiency of a screening test and can inform the clinician about the rate
of false positives and false negatives.

SCREENING FOR SPECIFIC CANCERS

Results from well-executed studies show convincing evidence that screening for cervix,
colorectal, and breast cancers is beneficial at certain ages for people at average risk. Although
special surveillance of individuals at high risk for some specific cancers because of family
history or genetic risk may be prudent, few studies have been carried out to assess its true
worth. Lung cancer screening with low-dose CT imaging has also been approved and
recommended for those at elevated risk because of heavy smoking.

A number of organizations have evaluated certain screening tests and considered whether to
endorse routine use of such measures. The USPSTF?4 and the Canadian Task Force on
Preventive Health Care?®> each published screening recommendations after a rigorous review
process. Each recommendation is made with a thorough, structured evaluation of the literature
by screening experts. The ACS publishes the most commonly quoted screening guidelines
(Table 1-8).20¢

BREAST CANCER

Studies of breast self-examination have not shown that this practice decreases mortality.?°” The
results of the largest randomized, controlled study of breast self-examination reported to date
showed both an increased rate of biopsy and enhanced detection of benign lesions, but little or
no stage shift and no reduction in breast cancer mortality.2°®¢ As a result, the ACS no longer
recommends breast self-examination as a routine screening test.?°¢ Findings from several
randomized trials indicate that screening women older than age 50 who are at average risk
using mammography alone or mammography and clinical breast examination every 1 to 2 years
decreases mortality by 20 to 30%. Each trial has been criticized for a certain aspect of its
design, but there is power in the consistency of the observations.?®® A recent population
analysis from Great Britain estimates that the introduction of mammographic screening to the
United Kingdom starting in 1991 for women ages 49 to 64 years has led to an overall reduction
in breast cancer mortality of 21%.21°



Table 1-8 Screening Recommendations for Asymptomatic Patients with Normal Risk*®®

U.5. Preventive Services | Canadian Task Force on
Test or Procedure | Task Force Preventive Health Care American Cancer Society
Fecal occult blood | Annual FOBT or fecal f
FOBT or FIT 2 staning |
testing (FOBT) for | immunochemical 4, mﬁﬂ D00 & e SRR Annuel FOBT or FIT, starting at age 50 (FIT preferred)
colorectal cancer test (FIT), starting at age 50 o
| '
x:;mpy for | Petible signoidosoopy every | Flexble sigmoidoscopy every 10 | Flexible sigmoidascopy every 5 years, staring at age
B 5 years, starting at age 50 years, starting at age 50 or older | 50; consider combining with annual FOBT or FIT
Double-contrast
barum enema for | No recommendation Mo recommendation Every 5 years, starting at age 50
colorectal cancer |
Colonoscopy for ' Every 10 years, starting at !
' | i id E 1
SRR age 50 nsufficient evidence _ very 100 years, starting at age 50
CT colonography for | Every 5 years, stafting at age : ! .
RS 50 Insufficient evidence Every 5 years, starting at age 50
. Poor evidence to include or
mﬂuﬂa_l mdm‘um;] No recommendation xlude for men older than age | No recommendation
' Prostate-specific ' | insufficient evidence to include | . ) -
antigen (PSA) and | Insufficient evidence to PSA in periodic hesth eam | Srored decision between physician and pasent
. Annually, starting at age 50 in men with a life
DRE for prostate recommend (PHE); poor evidence to include e o S e
CANCEr or exclude DRE from PHE o L
' Staring at age 21, screen every 3 years with
Stading at age 21, Pap smear conveaborial Pap lesu«lu.qmd-na:sed Pap tests; i_“
or after age 30, women with thee nomal tests in
every 3 years from age 21 to i SRR o
Pap test for cendx | age 65; aematively, Pap | Starting at age 25, screen every 3 A SV o) S yaare ahl o SV 0NN
CANCEr smvear combined with HRY years 1o age 69 slone, or every 5 yeas véth HPY DNA test phss con
testing every 5 years, start cytobogy; women age 65 or older who have had
A 53[] f e three or more nommal Fap tests and no abnomal
ge tests in the past 10 years and women who have had
| a total hysterectomy Stop CRVIX Cancer screening
Breast self- Recommends against e ’
| d
examination (BSE) | dlinicians teaching women r:::fﬁmﬂtd:wmema 0 [uaa No longer recommended
for breast cancer hevw o perform BSE
Clinical breast Insufficient evidence to '
examination (CBE) | recommend adding over and :h L L No longer recommended at any age
for breast cancer above mammography B
Bvery 2 rmfwﬂm agss Annually starting at age 45. Women ages 40-44
e SCPORILE Taftee years should have the opporturity 1 begin
Mammography for age 50 should take into Mammography every 2-3 years
mammographic screening. Women 55 or older
breast cancer account patient contedt and | for women ages 50 to T4 : = P
patient vakses mganding should transition to biannwal screening: dinical
mgqﬁqbeﬂeﬁuamnm .brsastwammtremmmded
For those 55 to 74 with
For those ages 55 1o 80 who a"wﬂ i m:_ by | FOr hose aeS 55 10 74 with a 30-packyear
o ¢ (LDET) have a 30-pack-year smoking T St {:Ehu hmr: smoking history who cumently smoke o who have
sean for lung cancer SR N N CINTenLY STOr quit within the past 15 years, quit within the past 15 years, discuss potential
or who have quit within the annual screening up 10 theee benefits and hams of screening and emphasize
1 | r i
past 15 years, annual LDCT e e i smoking cessation

*Thesa recommendations an for the gental populafon-afymplomatic peopie who have no risk facioms, other than age or gender, for the tageted condition, Abbreviations: CT,
computed Womography: HPY, human paplomavinus.

Experts disagree on whether women of average risk between ages 40 and 49 benefit from
screening (Table 1-8). A meta-analysis of seven large randomized trials showed no benefit from
mammography screening for women in this age group when assessed 5 to 7 years after trial
entry.?!* There was a small benefit for women at 10 to 14 years after entry, which may have
been the result of screening these women after they turned 50.22 There is no consensus on the
age at which to cease screening. A reanalysis sponsored by the USPSTF suggested that
screening before age 50 was not necessarily beneficial.?'® Although there was a potential 18%
reduction in mortality, the number needed to screen to achieve this and the concomitant number
of false positives that needed to be evaluated were so high that the USPSTF argued that the
risk:benefit ratio for screening before age 50 was not worthwhile. More recently, the ACS also
amended its longstanding screening guidelines to recommend that screening for women at
average risk begin at age 45, while women age 55 or older undergo mammography biennially.



In addition, the ACS no longer recommends clinical breast examinations.206.214

The results from outcomes studies show that there is substantial variation among U.S.
radiologists regarding recommendations for additional testing or biopsy. This disparity is
especially notable among younger women. In large cohorts, nearly half of all women between
ages 40 and 49 screened annually for 10 years will have false-positive mammograms
necessitating repeat mammography, ultrasound examination, MRI, or biopsy. In addition, the
diagnosis of ductal carcinoma in situ has risen dramatically since the widespread introduction of
mammographic screening for women younger than age 50.

Mammography may not be as sensitive for detecting breast cancers among women with
BRCA1 or BRCAZ2 mutations, possibly because cancers in these women tend to develop at a
younger age, when mammography is less sensitive. Studies have suggested that MRI has
greater sensitivity than mammography or ultrasound. Its high cost and unproven survival benefit
make it undesirable for general use, but it can increase yield in a cost-effective fashion for
young BRCA mutation carriers,?5216 as well as for other women at increased risk for breast
cancer.?” The ACS has developed guidelines?'® for the use of MRI for women who have a
lifetime risk of breast cancer that is 20 to 25% or greater as determined by the BRCAPRO
statistical model?*° or in some other way. Another category of women who are at elevated risk
for breast cancer are those with dense breasts; recommendations for them vary, sometimes
including ultrasound, MRI, or other tests in addition to mammography.

CERVIX CANCER

The introduction of screening with the Pap test in the late 1940s was accompanied not just by a
decline in cervix cancer mortality, but also by a decline in cervix cancer incidence of at least
70%°%220 (Fig. 1-1) as a consequence of its efficacy in the detection of preneoplastic lesions. This
test has remained the mainstay of cervix cancer screening, though guidelines for the frequency
and age range for its use have recently been revised (Table 1-8). Pap smear testing is now
recommended for average-risk women in the United States starting at age 21, regardless of
their sexual history, with an interval between screenings of 3 years. At age 30, the screening
interval can be increased to 5 years and the cytologic testing can be combined with HPV DNA
testing. If still normal by age 65 years, further screening could be stopped. Those with special
risk factors, such as those who are HIV-positive, should be screened more intensively.?2!

The recognition that HPV causes cervix cancer added a new potential tool for cervix cancer
screening, HPV DNA testing. However, exactly how to incorporate this test into routine
screening for average-risk women in the United States remains in flux. One large study
conducted in the European Union randomly assigned approximately 100,000 women ages 25 to
60 to cytology alone or to HPV testing plus reflex liquid-based cytology. The study found that
HPV-based screening was more sensitive in finding cervical neoplasia than Pap smears alone
and was more effective in reducing the incidence of cervical cancer (0 in the group randomly
assigned to HPV screening vs. 9 in the group without HPV testing). However, no mortality
benefit was demonstrated.??> Furthermore, in women younger than age 30, transient HPV
infections are common; this limits the usefulness of the test in that age range. Data from
randomized trials suggest that HPV screening could provide greater protection against invasive
cervix cancer than cytology screening, starting at age 30, and with screening intervals of 5
years or more.??3

At this time, the most reasonable recommendation for HPV screening for average-risk
women in the United States are that it be used in conjunction with Pap smear testing for women



over age 30 (Table 1-8). At least for now, HPV testing as a single screening modality, while
recommended by some groups under some circumstances, does not appear to have sufficient
evidence to support its use to the exclusion of Pap smear testing. On the other hand, HPV DNA
testing as the sole means of screening has been recommended for use in resource-poor
environments where Pap tests are difficult to conduct properly, such as certain African
countries. In addition, HPV testing can be used to identify women at higher risk for the
development of cervical intraepithelial neoplasia when the Pap test cytologic diagnosis is
atypical squamous cells of undetermined significance.??*

With regard to women who have received the vaccine for HPV, it should be noted that this
does not provide immunity against all high-risk HPV types. Thus, for now, it is recommended
that the standard routine screening practices be maintained in recipients of the HPV vaccine.??®

COLORECTAL CANCER
Potential options for colorectal cancer screening include:

m Fecal occult blood testing,

m Sigmoidoscopy,

m Colonoscopy,

®m Radiographic barium contrast studies, and
m CT colonography.

The results of randomized studies indicate that annual fecal occult blood testing can reduce
colorectal cancer mortality by one-third.??6 The rate of false-positive results for fecal occult
blood testing is 1 to 5%. Less than 10% of patients with occult blood found in stool have
cancer, and approximately one-fifth to one-third have adenomas. In recent years, the fecal
immunochemical test has generally been replacing the traditional guaiac-based fecal occult
blood test in settings where stool testing is employed.??’

Findings from two case—control studies found that screening sigmoidoscopy is associated
with a decrease in mortality among participants age 50 or older.??® The results from other
studies show that approximately one-half of all polyps are found with the 35-cm flexible scope
and two-thirds to three-quarters are found with a 60-cm scope. Diagnosis of polyps by
sigmoidoscopy should lead to evaluation of the entire colon with colonoscopy.

There are three published randomized trials of sigmoidoscopy. One, from Great Britain,??°
showed a clear-cut mortality benefit for sigmoidoscopy that was quite dramatic and may justify
the use of sigmoidoscopy as a routine screening test, perhaps even as an alternative to
colonoscopy. A second trial, from Italy, showed an 18% statistically significant reduction in
colorectal cancer incidence and a 22% reduction in overall mortality that was not statistically
significant.>2® The PLCO trial in the United States has also reported the results of its
randomized trial of sigmoidoscopy—the largest of the three studies, with over 150,000
participants.?® This study showed significant 21% and 26% reductions in overall colorectal
cancer incidence and mortality, respectively. All three randomized trials showed dramatic and
significant reductions in distal colon cancer incidence and mortality, but no benefit for cancers in
the proximal colon (which is not imaged with sigmoidoscopy).

Several recent reports, all well-conducted observational studies, explored the benefits of
colonoscopy in reducing mortality. At least four such reports found that, although colonoscopy



did reduce incidence and mortality in the left colon, it did not have the same expected benefits
on the right side of the colon. The reasons for these findings were unclear and may represent
differences in the biology of right-sided compared with left-sided lesions or differences in the
expertise of endoscopists in examining the right side of the colon.?*?> A case—control study by
Baxter et al.23® demonstrated an overall reduction in colorectal cancer mortality of about 60%
with the use of screening colonoscopy and showed a benefit of screening for the right colon;
presumably this was because this study was done in the United States and the vast majority of
colonoscopies in the United States are done by gastroenterologists who have greater expertise
than surgeons or primary care doctors, who were the main endoscopists in the prior studies.
The Harvard cohort studies confirmed the overall benefit of colonoscopy as well as its benefit
on the right side of the colon as compared to sigmoidoscopy.?3*

Although no prospective, randomized studies have clearly demonstrated a mortality benefit
for screening colonoscopy, it is considered prudent to recommend colonoscopy as a screening
tool for individuals at average risk for colorectal cancer This rationale is an extension of the
available data for sigmoidoscopy, which show a mortality benefit for left-sided cancers, albeit
no benefit for the right side of the colon, where the sigmoidoscope does not reach.?®
Colonoscopy should be used for those at high risk, such as those with a genetic predisposition
to colorectal cancer and those with inflammatory bowel disease. Little information is available
on the utility of the barium enema as a screening tool. Recent interest has centered on CT
(virtual) colonography as well, though no studies to date have shown that it reduces mortality.
The evidence suggests that, in certain instances, it may substitute for colonoscopy.

Published guidelines for colorectal cancer screening continue to evolve. Although the ACS
currently recommends the full range of screening tests listed above as options for screening,
new guidelines were published in 2016 by the USPSTF.2%¢ These guidelines suggest sharing
decision making with patients and that patients be offered a choice of screening tests. The
guidelines no longer recommend the barium enema, nor do they recommend the guaiac-based
fecal occult blood test. Instead, patients are encouraged to choose among the FIT test, the
endoscopic procedures (sigmoidoscopy and colonoscopy), and CT colonography.

LUNG CANCER

Screening for lung cancer with chest x-ray and sputum cytologic testing was evaluated in four
randomized lung cancer screening trials in the 1960s and 1970s. No reduction in lung cancer
mortality was seen in those studies.??”2%® A randomized trial of chest x-ray screening was
recently conducted as part of the PLCO study to reevaluate its value. The results of this study
reaffirmed the absence of a mortality benefit for chest x-ray screening.23°

Studies have shown that low-dose spiral CT scanning can diagnose lung cancers at early
stages, but it was unclear whether this would save lives.240241 This technology was evaluated in
a large, randomized clinical trial of heavy smokers, which compared CT screening with chest x-
ray screening. These results were reported from the National Lung Screening Trial (NLST)?4?
and showed a 20% reduction in mortality for the arm screened with CT. Spiral CT also can
detect many benign processes that cause noncalcified lung radiodensities; these are false-
positive findings. Spiral CT does increase the number of lesions diagnosed and, thus, will
increase the number of diagnostic and therapeutic procedures performed (see Chapter 8 on
Lung Cancer). Overall policy reviews conducted for spiral CT screening concluded that the
benefits for certain subgroups of heavy smokers outweigh the negatives of overdetection and
false positives.?43244 The USPSTF now recommends CT screening for current or former heavy



smokers of more than 30 pack-years.?*> Several societies have added CT screening to their
guidelines as well.?4¢

OVARIAN CANCER

Adnexal palpation, transvaginal ultrasound, and measurement of serum CA125 have been
considered for ovarian cancer screening and none has been shown to be effective. No
randomized prospective trial of screening for ovarian cancer has shown an improvement in
ovarian cancer mortality. The results of such screening tests could lead to futile invasive
diagnostic testing that might include laparotomy. The PLCO trial randomly assigned over
78,000 women to screening with CA125 and transvaginal ultrasound for 4 years or usual care;
no difference in ovarian cancer mortality was found.?*” A large British trial randomly assigned
over 200,000 women to either multimodal screening with CA125 and transvaginal ultrasound,
annual transvaginal ultrasound alone, or no screening. The study did not show a clear-cut
benefit to screening at a median follow-up of 11 years, though follow-up continues.?48

PROSTATE CANCER

The digital rectal examination (DRE) and measurement of serum PSA are commonly used in the
United States, although most professional organizations advise caution in the use of such
screening tools (Table 1-8). Prostate cancer is prone to lead-time bias, length bias, and
overdiagnosis. Although screening using PSA levels and DRE clearly detects many
asymptomatic cancers, its ability to reliably distinguish tumors that could be lethal but are still
curable from those that pose little or no threat to health is limited. It has been estimated that 20
to 40% of localized prostate cancers diagnosed during screening are indolent and clinically
nonsignificant.?4°2%0 Treatment of screen-detected cancers may cause morbidity, such as
impotence and urinary incontinence, and carries a small risk of death.

Most expert organizations do not recommend screening for prostate cancer. The USPSTF
last reviewed the evidence in support of screening in 2012 and found there was insufficient
evidence to recommend it.?5* As might be expected, this decision was met with great
controversy. The ACS and the American Urological Association recommend that men older than
age 50 at normal risk be offered screening and be allowed to make a choice after being
informed of its potential risks and benefits (Table 1-8).

The interim results of two large randomized trials of prostate screening have been reported.
The PLCO trial randomly assigned 76,693 men to 6 years of annual screening with PSA or
regular management according to community standards. In essence, 85% of the men in the
intervention group were screened whereas more than 40% of the men in the control arm were
screened. After 7 to 10 years, there was no mortality benefit (HR, 1.13; 95% CI; 0.75, 1.70).252
The European Randomised Study of Screening for Prostate Cancer (ERSPC) randomly
assigned 182,000 men in seven countries; each country had slight differences in study design.
The intervention group was offered PSA screening every 4 years (every 2 years in Sweden),
and 82% participated; a cutoff of 3 was used for the PSA rather than the usual 4. With a
median follow-up of 9 years, the HR for mortality was 0.80 (95% CI; 0.65, 0.98). It is notable
that 1410 men needed to be screened (16% of patients being screened had an abnormal PSA
and required biopsy and further evaluation) to prevent 1 death, and 48 cases of prostate
cancer were detected among those 1410 men to save that one life.?%3



SKIN CANCER

No randomized study has been conducted to assess whether screening for skin cancer
decreases mortality, and evidence is lacking to establish the benefits of screening for skin
cancer.?>* Screening programs in Scotland and Australia may have caused a stage shift in
diagnosed melanomas.?*> These programs also may reinforce sun avoidance and other
prevention behaviors.

OTHER CANCERS

The dramatic rise in the incidence of esophageal adenocarcinoma during the past two decades
has raised concerns regarding prevention. These tumors are known to arise from Barrett
esophagus—a metaplastic change in the esophageal mucosa that later progresses to dysplasia
and malignancy. The main risk factor for Barrett esophagus is gastroesophageal reflux disease,
a condition that has increased dramatically, perhaps in part because of the epidemic of obesity.
Thus, there has been a major effort to conduct esophagogastroduodenoscopy on patients with
persistent gastroesophageal reflux disease to detect early-stage Barrett esophagus and to
intervene in this pathway with the use of proton-pump inhibitors and close surveillance with
endoscopy. This has become a recommendation of the American Gastroenterological
Association, despite the absence of a randomized trial or other high-quality evidence
demonstrating a significant benefit from the point of view of cancer prevention or a mortality
benefit.256

Although this chapter has focused on cancer screening in the United States, it is worth noting
that screening for some cancers may be worthwhile in countries where these cancers are more
common. One example is oral cancer, which is the most common cancer among men in India,
largely because of the chewing of betel nuts. A randomized trial has shown that in one region,
the use of visual screening of the oral cavity reduced mortality significantly.257

HCC is a common cancer in large portions of East Asia and Africa, related to chronic
hepatitis B infection. A trial was conducted in Shanghai of more than 18,000 carriers of hepatitis
B, who were randomly assigned to a serum alpha-fetoprotein test plus ultrasonography every 6
months or no screening. At 5 years, HCC mortality was reduced by 37% in the screened group
(HR, 0.63; 95% CI; 0.41, 0.98).2°®¢ The use of radiographic procedures to screen for HCC in
patients with preexisting liver disease and cirrhosis was confirmed in another study, from
Korea, which showed that the combined use of ultrasound and MRI could detect most HCC at
an early stage when it was likely to be resectable.?>® Another common screening test is the use
of photofluorography in Japan to screen for gastric cancer. No randomized trial has been
conducted to confirm the efficacy of this test in reducing mortality.2°

One study compared villages in China that were in an area endemic for high rates of
squamous cell carcinoma of the esophagus. Fourteen villages (6827 patients) were selected for
the intervention, which consisted of one-time endoscopy, while 10 villages (6200 patients)
formed the controls. Ultimately, 48.6% of the intervention group underwent endoscopy, and,
with a follow-up of 10 years, the mortality from esophageal cancer was 3.35% in the
intervention group compared with 5.05% in the controls (p < 0.001), with a reduction in
incidence as well.261

Nasopharyngeal carcinoma is a common cancer in certain parts of China and is associated
with exposure to Epstein-Barr virus (EBV). A screening study from Shanghai screened 20,174
subjects for plasma EBV DNA; 5.5% tested positive, of whom about one quarter were
persistently positive. They underwent further testing with endoscopy and 34 were found to have



nasopharyngeal carcinoma, mostly early stage. Only one carcinoma developed among those
who were EBV-negative. 262

®m The PLCO study and the NLST have revolutionized our knowledge and approach and
yielded new data on screening for four cancers. Taken together, the data have (1) shown
that while chest x-ray screening is ineffective for lung cancer screening, low-dose CT
scan screening is effective; (2) confirmed that sigmoidoscopy is effective in reducing
mortality from colorectal cancer; (3) provided definitive evidence that CA125 and
transvaginal ultrasound screening for ovarian cancer are not effective; and (4) provided
negative data on PSA screening for prostate cancer.

m Although mammography screening for breast cancer among women older than age 50 is
supported by evidence showing a mortality reduction, screening in women younger than
age 50 remains controversial. Recent changes by the ACS reflect a more conservative
approach to the use of mammography. Similarly, PSA screening among men for prostate
cancer remains controversial. In both circumstances, the absolute mortality reduction is
small and the number needed to screen is large, making the risk:benefit ratio a major
concern from a policy standpoint.

m | ow-dose spiral CT screening is an established new approach to reducing lung cancer
mortality among heavy smokers.

®m The use of HPV DNA testing in conjunction with Pap smear testing for women age 30 or
older can allow the prolongation of the interval between screenings for cervix cancer to
extend to 5 years.

®m Randomized trial data are substantial enough to support the use of both fecal occult
blood testing and sigmoidoscopy as screening modalities for colorectal cancer.

®m There is now evidence to support the use of colonoscopy for colorectal cancer screening,
albeit the benefits are modest over sigmoidoscopy and possibly over fecal occult blood
testing, and the evidence for colonoscopy is not based on randomized trials.

CANCER SURVIVORSHIP

It is estimated that there are currently 15.5 million cancer survivors in the United States,
representing approximately 4.8% of the population,?¢® and this number is likely to grow in the
coming years. This is a good thing, of course, to the degree that it reflects the increasing
success of treatment in curing (or at least prolonging life for) those diagnosed with cancer. The
number of cancer survivors is also increasing because of the aging of the population, with a
concomitant increase in cancer cases, and because of the increased use of screening and
diagnostic tests, and thus the increased diagnosis of subclinical disease.

Cancer survivors share a substantial number of issues and problems that are the subjects of
intensive research efforts, including their psychologic needs, employment issues, appropriate
surveillance, and management of long-term toxicities of treatment. It is also critical to note that
they are at increased risk for second malignancies as an overall group. Thus, multiple primary



cancers constitute as much as 16% of tumors nowadays.?64265 Some survivors may be at
increased risk for certain specific cancers.?®® They require, at the least, special attention to
make sure that they obtain the screening studies that are recommended for the general
population. For those who have special risks, particular screening protocols may be required.
Certain adverse effects of treatment can manifest themselves in the long term. Both thoracic
radiotherapy and certain chemotherapy drugs, notably anthracyclines, may cause cardiotoxicity,
usually manifesting as long-term congestive heart failure or ischemic heart disease, both of
which have been described following certain treatments.?¢” Peripheral neuropathy from taxanes
or platinum drugs can also cause long-term issues for survivors.?® Other toxicities include
pulmonary and renal effects. There has also been growing recent interest in so-called financial
toxicity: the consequences that cancer and its management have on the fiscal status of a
patient and his or her family. This toxicity has become particularly stressful in an era of shifting
insurance plans and growing cost of chemotherapeutic agents.269:270

It is mandatory that a good working relationship be established between the oncologist and
the primary care physician.?’! Some studies have shown that regular wellness care may be
neglected for cancer survivors under the stress and pressure of a cancer diagnosis and its
treatment.2’2274 The standard protocols of good medical care, including hypertension, lipid, and
other screening and vaccination protocols, should be followed for cancer survivors as they
would be for any other adult. In addition, there is increasing evidence that improved lifestyle and
other prevention activities, such as weight loss, tobacco-use cessation, increased physical
activity, and a moderate diet, may reduce the risk of second malignancies and the risk for
recurrence of the initial primary cancer. In the coming years, the medical oncologist is likely to
play an increasing role as a primary and secondary prevention expert, similar to the ways in
which cardiologists counsel their patients on tobacco cessation, weight loss, physical activity,
and lipid management.2’s
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MOLECULAR BIOLOGY

Bruce E. Clurman, MD, PhD, and Jonathan E. Grim, MD, PhD

Recent Updates

» Anew section outlining the molecular features of “Infectious Agents as Drivers of Cancer”
» An expanded discussion of “Emerging Concepts on Tumor Heterogeneity and Evolution”

» Adiscussion of the use of emerging liquid biopsy techniques in studies of cancer biology and therapy

OVERVIEW

Molecular oncology is evolving rapidly. Many of the genes that drive tumorigenesis, and the
biologic pathways and processes affected by oncogenic mutations, have now been identified.
Moreover, new molecular approaches have enabled the development of therapeutics that target
specific oncogenic mutations, and advances in large-scale molecular biology are providing
comprehensive descriptions of cancer genomes and allowing targeted therapies to be rationally
applied to treat individual cancers. The goal of this chapter is to outline a framework for the
molecular basis of cancer, and to describe established and emerging technologies being used
to aid in cancer diagnosis, prognosis, and therapy.

BASIC PRINCIPLES OF MOLECULAR BIOLOGY

DNA is a macromolecule composed of four nucleotides—adenine (A), guanine (G), cytosine
(©), and thymine (T) (Fig. 2-1).%? Each nucleotide base is connected to a deoxyribose sugar,
and phosphodiester bonds between the sugar moieties form the DNA strand. The nucleoside
components of one DNA strand form hydrogen bonds with nucleosides on the complementary
strand (C pairs with G; A pairs with T) to create a double-stranded DNA molecule. When DNA
is replicated, the strands separate and each provides a template for an exact complement to
be synthesized. The human genome contains approximately 3 billion nucleotides partitioned
among 23 chromosomes. Most human cells contain a complete genomic copy of DNA, but
there are exceptions. For example, erythrocytes contain no genomic DNA, mature lymphocytes
delete fragments of DNA within either immunoglobulin (Ig) or T-cell receptor genes to generate
antigen-recognition proteins, and megakaryocytes contain extra copies of the genome that
results from the process of endoreduplication.

Although its definition continues to evolve, in its most basic form a gene can be thought of as
a DNA sequence that encodes a protein or a functional ribonucleic acid (RNA).®> Most genes are
discontinuous and arranged in segments called “exons” and “introns.” The first step in protein



synthesis is transcription of the DNA template into a linear RNA copy; the introns are
subsequently spliced out to generate a messenger RNA (mRNA) that contains a continuous
coding sequence comprised of exons (Fig. 2-2). The mRNA is a template for the attachment of
ribosomes, and nucleotide triplets, termed “codons,” specify which amino acids will be
incorporated into a nascent polypeptide chain (translation). The 5" and 3’ extremities of mMRNA
extend beyond the coding regions and have regulatory functions, such as determining mRNA
stability and translational efficiency. As a result of alternative splicing, genes may encode
multiple mMRNAs, each of which specifies a different protein, termed an “isoform.”
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Fig. 2-1 The double helix structure of DNAincludes hydrogen bonding between adenine (A) and thymine (T) bases and
between guanine (G) and cytosine (C) bases.

(A) The DNA double helix. (B) Aclose-up of the molecular structure of DNA, showing hydrogen bonds between the two pairs of
bases and the phosphodiester bonds between sugar molecules.

Source: Wikibooks. https.//commons.wikimedia.org/wiki/File:DNA-structure-and-bases.png.

Numerous DNA regulatory elements such as promoters (which direct the site of transcription
initiation) and enhancers (which increase transcription) control mRNA expression (Fig. 2-2).4
These regulatory elements are recognized by proteins, called “transcription factors,” which
establish the timing and tissue-specific characteristics of gene expression. Many transcription
factors bind directly to these DNA elements and, subsequently, recruit additional regulatory
proteins into the transcription complex. Proteins that mediate the assembly of active
transcription complexes by recruiting factors or facilitating chromatin changes that promote
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transcription are termed “coactivators,” and those that inhibit transcription are termed
“corepressors.”® Individual cell types express only a subset of the full complement of genes.
Specific gene expression programs, thus, fundamentally drive many biologic processes,
including growth and development, cellular differentiation, and neoplastic transformation.

Although the Human Genome Project was “completed” in 2003, the exact number of human
genes remains unclear, and most estimates are in the range of 21,000. However, because
most genes express alternatively spliced mRNAs leading to multiple different protein isoforms,
the number of mMRNAs and proteins far exceeds the number of genes. It is estimated that the
full set of human proteins, known as the proteome, contains 250,000 to 1 million distinct
proteins.

Epigenetic gene regulation, or epigenetics, refers to heritable, higher-order processes that
can profoundly influence gene expression without mutating DNA. Chromatin is highly dynamic
and undergoes remodeling via two central epigenetic processes, histone modification and DNA
methylation.” DNA is compacted into chromatin by winding around proteins called “histones,”
which maintain the DNA in nucleosomal complexes (Fig. 2-3A). Histones are modified covalently
(e.g., acetylation, methylation, phosphorylation, and ubiquitylation) by changes in subunit
composition (e.g., replacement of core histones by specialized histones) and by repositioning.
Each of these modifications renders DNA more or less accessible to RNA polymerase (Fig. 2-
3B).8° Histone methylation occurs on lysine residues and is controlled by opposing methylating
and demethylating enzymes: methylation on some sites facilitates transcription, whereas on
others transcription is repressed.° Histone acetylation is also regulated by groups of opposing
enzymes: acetylation is found in actively transcribed genes, whereas histone deacetylation
correlates with repression. Epigenetic regulation also involves DNA modifications, most
commonly cytosine methylation within cytosine—guanosine (CG) dinucleotides.* DNA regions
that contain many CGs are termed “CpG islands,” and their methylation represses transcription.
Indeed, promoter methylation is one way that cancer cells inactivate tumor suppressor genes.
There is widespread cross talk between epigenetic modifications of DNA and histones, and
genomewide analyses are revealing how complex epigenetic “marks” establish differential gene
expression.1213
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Promoter, enhancer, and silencer regions (yellow) regulate the transcription of the gene to generate a pre-mRNA, which contains
5'and 3' untranslated regions (green), protein coding regions (orange), and introns (light gray). Further modifications, including
addition of a 5' cap (black) and 3' poly-Atail (dark gray) and removal of introns, results in a mature mRNA. The untranslated
regions regulate translation of the mRNAto produce the protein product.

Source: Shafee T, Lowe R. Eukaryotic and prokaryotic gene structure. WikiJournal of Medicine. 2017;4(1).

Because of their influence on gene expression, the enzymes that catalyze epigenetic
modifications are important targets for cancer therapeutics.'#*> For example, histone
deacetylase inhibitors are approved for the treatment of T-cell lymphoma and multiple
myeloma,*¢1” and inhibitors of the histone methyltransferase EZH2 are in clinical trials.'8-2° DNA
methylation is another important drug target: 5-azacytidine and 5-aza-2'-deoxycytidine, which
are approved for treatment of myelodysplastic syndrome, inhibit DNA methylation and
reestablish expression of genes that were repressed by methylation.2?

KEY POINTS

m Genes are functional units contained within DNA that specify the production of RNAs and
proteins.

m Cells express only a subset of the genes contained within their genomes. Genes are
transcribed into mMRNA, and this is controlled by regulatory DNA elements (e.g.,
enhancers, promoters, and insulators).

®m Gene expression is regulated by epigenetic modifications of DNA and histones.
Chromatin modifications, which include methylations and acetylations, play a major role in
determining the timing and extent of gene expression. The enzymes that catalyze
epigenetic modifications are important targets for the development of cancer



therapeutics.

ANALYZING NUCLEIC ACIDS AND DETECTING CANCER-ASSOCIATED MUTATIONS
DNA
Polymerase Chain Reaction

The polymerase chain reaction (PCR) is a technique that can synthesize large quantities of
specific DNA sequence fragments from minuscule quantities of template.??23 In its most basic
form, PCR relies on: (1) annealing synthetic DNA primers to DNA sequences that flank the
target DNA to be amplified, and (2) DNA polymerase enzymes isolated from thermophilic
bacteria that can survive high temperatures. Multiple cycles of DNA-strand synthesis, heat
denaturation, and primer reannealing allow for the repeated replication of the target sequence,
resulting in exponential amplification of the DNA fragment (Fig. 2-4). For example, 20 PCR
cycles produce approximately 1 million double-stranded copies of the original DNA, whereas 30
cycles produce more than one billion copies. A wide variety of PCR-based techniques have
revolutionized virtually all methods used to manipulate, detect, and analyze nucleic acids.

A B

Composition

— ‘ e o
Canonical Variant
nucleosome nucleosome

Modification
= =
— \\ S S ——— iy
P = —
Positioning

H-I’_' I - e—
duplex DNA g
Depiction of a NUCLEOSOME i
In various ways

Fig. 2-3 Nucleosome structure and regulation.

(A) Nucleosome structure. The view is down the molecular 2-fold axis; DNAs represented by a tube that almost completely
occludes the protein. (B) Nucleosome regulation. (top) Remodeling complexes can remove the canonical H2A-H2B dimers and
replace them with variant histones (indicated in green), forming a variant nucleosome with unique tails that might bind unique
regulatory proteins. (middle) Nucleosome modification (only acetylation [Ac] is depicted for simplicity) allows the binding of
regulatory factors, which have specialized domains that recognize acetylated histone tails. (bottom) Nucleosome repositioning
allows the binding of a regulatory factor to its site on nucleosomal DNA (orange segment).

Reprinted by permission from Macmillan Publishers Ltd: Nat Rev Mol Cell Biol. Saha A, Wittmeyer J, Cairns BR. Chromatin
remodeling: the industrial revolution of DNA around histones. 2006;7:437-447. PMID: 16723979.

DNA Polymorphisms Facilitate Genetic Analyses of Complex Diseases

DNA sequences that exhibit substantial variability in a population are termed “polymorphisms”
and distinguish between alleles (gene variants). Genomewide maps of polymorphic markers
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were important tools in many previous analyses of genetic traits, such as cancer predisposition.
Through linkage analysis of pedigrees in which early-onset cancer did or did not develop, the
genetic polymorphisms that segregated with the cancer-development phenotype identified many
hereditary cancer genes. Single-nucleotide polymorphisms (SNPs) are the most common
polymorphisms; they represent approximately 1% of any individual’'s human genome sequence.
Current approaches use microarray-based chips and/or DNA sequencing methods to analyze
SNPs on a genomewide scale, as discussed below.?4?¢ With this large volume of genetic
variants, geneticists can now apply more complex methods of analysis to large populations of
people who do and do not have specific phenotypes. Agnostic techniques such as genomewide
association studies (GWAS) can identify the relationships among specific genes and genetic
variants and health traits of interest. Alternatively, some common polymorphisms have been
shown to affect phenotypes in vitro, such as metabolism of cancer therapeutics, and the
relevance of these findings to clinical care can be confirmed in small patient-oriented studies.

Cytosine—adenine (CA) dinucleotide repeats, called “microsatellites,” are another type of
polymorphism. These regions are susceptible to imperfect replication, thus leading to variability
in length. DNA mismatch repair (MMR) enzymes normally suppress these errors, but they are
mutated in some familial cancers, such as hereditary nonpolyposis colon cancer
(HNPCC)/Lynch syndrome. Loss of expression of MMR proteins causes altered microsatellites
that form the basis of some diagnostic tests.

Next-Generation DNA Sequencing: Beyond the Human Genome Project

The completion of the Human Genome Project in 2003 heralded a new era in molecular
medicine. Obtaining the human genome with 99.9% accuracy took 13 years and nearly $3
billion. The technology used to obtain the reference human genome sequence required large-
scale automation and an international consortium of scientific teams. Although a remarkable
achievement, the methods used for the Genome Project were not practical to apply toward
goals such as sequencing cancer cell genomes to guide treatment decisions. Newer
technologies, termed “next-generation sequencing” (NGS), have increased the speed and
dramatically reduced the expense of genome-scale DNA and RNA sequencing.
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Fig. 2-4 Polymerase chain reaction (PCR).

The DNA (target) to be amplified is shown as a double-stranded DNA molecule with complementary segments (in green, far left).
Also shown are sequence-specific primers (red) and nucleotides (blue). The temperature changes required for each step are
indicated. The DNAs denatured and then allowed to reanneal to the primers. Tag DNA polymerase then extends from the primer
using supplied nucleotides, making perfect complementary copies of the segments of DNA (in blue), yielding two copies of the
target DNA after cycle 1. In subsequent cycles, the DNAis denatured and reannealed and the steps in cycle 1 are repeated,

yielding exponentially increasing copies of target DNA such that with n cycles the yield of DNAis 2.
Source: Wikipedia. Public Domain, https://en.wikipedia.org/wiki/Polymerase_chain_reaction.

NGS methods apply massively parallel sequencing technologies to obtain millions of DNA
sequence reads simultaneously using a single instrument.?’-2° Although technology platforms
vary, what they have in common is that the length of the sequence read for each DNA molecule
is relatively short. The power of these technologies is that they rely on sequence analysis
methods that use a reference human genome sequence and sophisticated bioinformatics for
positioning and alignment of millions of short reads. Because these methods are quantitative,
they can also detect structural changes, such as chromosomal gains and losses and
translocations in cancer cells, in addition to other types of mutations (Fig. 2-5). The cost and
speed of NGS are rapidly improving. For example, in 2008, two studies reported human
genome sequences that were completed in a few months, but cost approximately $1 million per
genome.3031 As of 2016, rapid human genome sequencing was available, with costs in the
range of several thousand dollars and time frames measured in weeks; this has enormous
implications for understanding cancer biology, prognosis, diagnosis, and treatment. These
techniques are enabling individualized treatments based on genome-scale sequence data (see
the Oncogenomics and Precision Oncology section).s3?

NGS also allows epigenetic studies at a genomewide scale. For example, ChiP-Seq uses
antibodies that recognize specific modifications (e.g., histone methylation) to isolate fragments
of DNA associated with the modified histone; then NGS is applied to identify all DNA regions
that contain the modification.®®* This strategy has produced highly detailed maps of the
epigenetic marks that regulate gene expression (Fig. 2-6). Similar approaches have shown that
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CpG methylation is a highly dynamic process that changes greatly during cellular
differentiation.®* The Encyclopedia of DNA Elements (ENCODE) project has used NGS
approaches to catalog transcription factor binding sites as well as chromatin and histone
modifications across the human genome.3 These technologies are providing an entirely new
understanding of how gene expression is regulated in health and disease.

RNA

Real-Time PCR

PCR-based methods employed for RNA analyses use reverse transcription, in which the
reverse transcriptase enzyme and DNA primers first convert mRNA to a DNA copy, called
“complementary DNA” (cDNA). This general strategy is termed “reverse transcription—
polymerase chain reaction” (RT-PCR) to reflect both the reverse transcription and PCR steps.
RT-PCR methods are widely used to precisely measure RNA abundance in cells and tissues.
Real-time PCR assays use fluorescent dyes to accurately measure the amount of PCR
products synthesized in various amplification cycles.3¢3” The advantages of real-time PCR
include extreme sensitivity, technical ease, and the ability to accurately quantitate RNA over a
very wide abundance range. Real-time PCR is often the method of choice for analyzing the
abundance of specific mMRNAs in tumor samples, such as monitoring the expression of the BCR-
ABL transcript in patients undergoing therapy for chronic myeloid leukemia (CML), and for
detecting minimal residual disease in leukemia and lymphoma.3®3® RT-PCR can also
simultaneously determine the expression of multiple genes. For example, one approved
diagnostic test uses RT-PCR to assess the expression of 21 genes to predict recurrence risk in
women with early-stage estrogen receptor—positive breast cancer.*°
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Fig. 2-5 Types of mutations discovered by next-generation genomic sequencing.

Sequenced fragments are depicted as bars, with colored tips representing the sequenced ends and the unsequenced portion of
the fragment in gray. Reads are aligned to the reference genome (mostly chromosome 1, in this example). The colors of the
sequenced ends show where they align with the target DNA. Different types of genomic alterations can be detected, from left to
right: point mutations (in this example, Ato C) and small insertions and deletions (indels; in this example, a deletion shown by a
dashed line) are detected by identifying multiple reads that show a nonreference sequence; changes in sequencing depth (relative
to a normal control) are used to identify copy-number changes (shaded boxes represent absent or decreased reads in the tumor
sample); paired ends that map to different genomic loci (in this case, chromosome 5) are evidence of rearrangements; and
sequences that map to nonhuman sequences are evidence for the potential presence of genomic material from pathogens.

Reprinted by permission from Macmillan Publishers Ltd: Nat Rev Genet. Meyerson M, Gabriel S, Getz G. Advances in
understanding cancer genomes through second-generation sequencing. 2010;11:685-696. PMID: 20847746.

Microarrays, NGS, and Global Analyses of Transcription

Some RNA analysis approaches measure the expression of thousands of genes simultaneously,
and these typically utilize either microarrays or NGS. Microarray chips are small slides on which
either oligonucleotides or cDNAs are spotted in a defined array.*! Hybridization of cDNA made
from tumor and control cells, each labeled with a different fluorescent dye, can show relative
differences in gene expression between samples. In some cases, small amounts of RNA from
limited clinical specimens are first amplified by PCR prior to hybridization. Microarray analyses
of the set of genes expressed in a tumor sample, termed the “transcriptome,” have been used
in diagnostic and prognostic applications. Examples include separating morphologically
indistinguishable large cell lymphomas into high- and low-risk groups on the basis of their gene
expression patterns (which reflect their cell of origin) and predicting risk for metastases in
women with node-negative breast cancer (Fig. 2-7).4>%* Because NGS is quantitative, it
provides new ways to assess mMRNA abundance at the genome scale, termed “RNA-Seq,” that
are not prone to many of the technical limitations of microarrays. Thus, as NGS becomes more
widely available, these approaches will replace microarrays as the method of choice for
qguantitating mRNAs in tumors. Indeed, RNA-Seq is becoming a vital component of cancer
diagnosis and treatment.*®
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Fig. 2-6 Chromatin state maps reveal a stereotypical pattern at active genes.

(A) In mouse embryonic stem cells, the transcription start site for the CALM1 gene (orange arrow) is marked by H3K4
trimethylation, a trithorax-associated mark, while the remainder of the transcribed region is marked by H3K36 trimethylation. (B)
Evidence from model systems supports a central role for initiating and elongating RNA polymerase Il in recruiting the relevant
histone methyltransferase enzymes.

Reprinted from Current Opinion in Genetics & Development, Volume 18(2). Mendenhall EM, Bernstein BE. Chromatin state
maps: newtechnologies, new insights. Pages 109-115, copyright 2008. With permission from Elsevier. PMID: 18339538.

MicroRNAs, Small Interfering RNAs, and CRISPR/Cas9 Genome Engineering

MicroRNAs (miRNAs) are small RNAs (18 to 24 nucleotides) that regulate the expression of
other genes by base-pairing to their target mRNAs and inhibiting their expression (Fig. 2-8).46
Most miRNAs are encoded within longer primary transcripts that are processed to form the final
mMiRNAs. More than 400 miRNA genes regulate most human cellular processes.*”#8 Individual
mMIRNAs target many genes simultaneously (dozens to hundreds), and many human genes are
controlled by multiple miRNAs. Aberrant miRNA expression is thought to play causal roles in
human neoplasia, and miRNA deregulation causes cancers in mouse models.4°5! Because
specific cancers exhibit characteristic and abnormal patterns of miRNA expression that can be
detected in tissues such as blood, miRNA analyses could become another important molecular
tool in cancer diagnosis and prognosis.>?

Small interfering RNAs (siRNAs) are synthetic double-stranded miRNAs that have become
common tools for molecular oncology research. Because siRNAs efficiently catalyze the
degradation of their cognate mRNAs, researchers can design siRNAs that inhibit the expression
of any desired mRNA transcript. These techniques, termed “RNA interference,” facilitate
powerful studies of gene function, and genomewide siRNA screens are extensively used to
dissect biologic pathways to ascertain gene function and identify drug targets in cancer
cells.>35% The recent development of simple and robust genome-editing technologies using the
Clustered Regularly Interspaced Short Palindromic Repeats/Cas9 (CRISPR/Cas9) system
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provides a second valuable tool for whole-genome genetic screens or drug screens. While
siRNA techniques can downregulate gene expression, CRISPR/Cas9 readily mutates genes
such that there is a complete loss of gene expression. Thus, CRISPR/Cas9 techniques are now
complementing or supplanting RNA interference in many genetic and drug screening
applications.>>-58

®m DNA analysis with NGS methods, which utilize computational analysis of short nucleic
acid sequence reads aligned with reference genome sequence information, can define
near-complete mutational landscapes of individual tumor samples.

m Analyses of mMRNA can quantitate the expression of specific genes in tumor samples,
which provides insights into cancer biology as well as important diagnostic and prognostic
information.

®m \Whole-genome genetic screens using siRNA or CRISPR/Cas9 technologies can identify
genes that promote or suppress cancer or that mediate resistance to chemotherapy.

CHROMOSOME ANALYSIS

KARYOTYPING, FLUORESCENCE IN SITU HYBRIDIZATION, AND ARRAY COMPARATIVE
GENOMIC HYBRIDIZATION

Cancer cells often exhibit chromosome abnormalities that are pathognomonic for specific
diseases. Karyotype analyses examine an individual's entire chromosome complement, and
classical analyses identify chromosomes in metaphase spreads based on banding patterns and
morphology. Although these techniques are still widely used, particularly to classify hematologic
malignancies, they are often augmented with newer techniques that are more sensitive and/or
comprehensive. Several cytogenetic methods employ fluorescence in situ hybridization (FISH).
Fluorescently labeled synthetic, prespecified sequence, nucleic acid probes are incubated with
fixed metaphase or interphase cells. The probes hybridize to their complementary sequences,
which allows visual inspection of the structure of specific genes. For example, chromosome-
and gene-specific probes are used to determine the copy number of specific oncogenes, such
as the HERZ2 gene in breast cancers and gastroesophageal cancers, because significant
amplification of this gene predicts sensitivity to anti-HERZ2 therapies. Another common FISH
technique uses probes that detect gene fusions and chromosome translocations. For example,
presence of the BCR-ABL fusion is diagnostic of CML and is sometimes found in acute
leukemias. Similarly, the EML4-ALK gene translocation defines a subgroup of non-small cell
lung cancers. Importantly, the identification of these translocations is clinically relevant, as it
confers sensitivity to small molecular tyrosine kinase inhibitors. The ability of FISH-based
methods to identify rare cells with abnormal karyotypes makes them useful for detecting
residual disease when malignant cells harbor a cytogenetic marker. Spectral karyotyping is
another FISH method for characterizing chromosome aberrations that cannot be appreciated by
classic techniques; it uses a panel of chromosome-specific fluorescent probes that allow the
identification of subtle and/or complex chromosomal rearrangements (Fig. 2-9).
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(A) Microscopic dots of nucleic acid probes representing different genes are fixed to chips, where they can hybridize to labeled
DNAfrom tissue samples. (B) Standard RNA and tumor RNA are isolated from respective samples, converted to cDNA, labeled
with different fluorescent probes, and hybridized to microarrays. (C) The resulting array of fluorescent signals is read
electronically and the output compares gene expression of a subset of genes between the two samples. Atypical gene
expression heat map is shown, where genes in green are upregulated and genes in red are downregulated.

Source: Wikipedia. Public Domain, https://en.wikipedia.org/wiki/DNA_microarray.

Many DNA losses or gains in tumors involve regions that are too small to be visualized by

cytogenetic methods. Comparative genomic hybridization (CGH) can identify DNA gains and
losses in a tumor by using DNA hybridization to compare it with a normal sample. In array CGH,
labeled tumor and normal DNA are hybridized to chips containing arrays of DNA fragments
representing entire genomes.>® Because array CGH detects copy-number changes in DNA
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fragments too small for detection by cytogenetic techniques and at the genome scale, it
provides unique insights into the complex genomic gains and losses that drive neoplastic
transformation. However, as previously discussed, NGS approaches are now becoming the
preferred means of detecting copy-number changes in cancers.
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Fig. 2-8 Model of small-RNA-guided post-transcriptional regulation of gene expression.

(A) Primary miRNA transcripts are processed to miRNA precursors in the nucleus by the RNase-lll-like enzyme Drosha. (B) The
mMiRNA precursor is subsequently exported to the cytoplasm by means of the export receptor exportin-5. The miRNA precursor is
further processed by Dicer to small interfering RNA (siRNA)—duplex-like intermediates. The duplex is unwound while assembling
into miRNA ribonucleoproteins/RNAinduced silencing complexes (MiRNP/RISC). The incorporated miRNA serves to target these

complexes to mMRNAs with similar sequences. This ultimately results in regulation of gene expression through translational
repression or mRNA cleavage.

Source: https:.//mwwresearchgate.net/publication/288436945_Stress_response_factors_as_hub-
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m Karyotyping reveals gross DNA structural anomalies in tumor cells, such as translocations
and chromosomal deletions.

®m FISH techniques detect structural abnormalities in tumor DNA, such as translocations,
deletions, and copy-number variations. Genome alterations identified by FISH are
clinically relevant, as they can predict sensitivity to molecularly targeted therapies and can
be used to detect residual disease in hematologic cancers.

m Comparative genomic hybridization increases the sensitivity and resolution of cytogenetic
analyses.

ANALYSIS OF PROTEINS: ANTIBODY-BASED METHODS
WESTERN BLOTTING, IMMUNOHISTOCHEMISTRY, AND FLOW CYTOMETRY

As previously noted, despite having ~21,000 genes, the human genome encodes >250,000
distinct proteins. Methods to study large sets of proteins simultaneously, collectively termed
“proteomics,” enhance the understanding of cancer and offer the potential for diagnostics that
might advance cancer care beyond that achieved with NGS.

Protein-detection methods have been in common use for decades. Antibody-based methods
are well established; low- to intermediate-throughput assays are routinely used in experimental
and clinical laboratories to study protein expression and function. Lysis of cells or other tissue
samples solubilizes proteins. These lysates can be separated by gel electrophoresis and
transferred to membranes, which can then be exposed to detection probes, most commonly
antibodies (Western blotting); this can detect changes in protein size, posttranslational
modifications (e.g., phosphorylation), and abundance.®® Analogous methods are used in fixed-
and fresh-tissue specimens. To aid in diagnosis, pathology departments routinely employ
antibody-based immunohistochemistry (IHC) methods to detect the expression of specific
proteins in tumor cells, including panels of cellular markers that help to define the origins of
poorly differentiated cancers or to differentiate squamous cell carcinoma and adenocarcinoma
in lung cancers. Furthermore, IHC is frequently used to subclassify human tumors to refine
prognosis and determine treatment. For example, p16INK4A overexpression is a surrogate for
human papillomavirus (HPV)—associated head and neck cancers, which have a more favorable
prognosis as compared to non—HPV-associated cancers. Ongoing studies are using HPV status
to develop risk-adapted treatment algorithms for this disease. Likewise, HER2 is
overexpressed in a subset of breast and gastroesophageal cancers. This overexpression has
both prognostic and therapeutic significance, as these cancers frequently respond to anti-HER2
therapies. Finally, IHC for MMR proteins is commonly used to identify cancers associated with
Lynch syndrome.
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Fig. 2-9 Spectral karyotype showing different dyes characteristic for each chromosome.
This technique allows for rapid analysis of metaphase spreads for subtle chromosomal losses, gains, and translocations.

Source: National Institutes of Health. National Human Genome Research Institute. “Talking Glossary of Genetic Terms.”
Retrieved November 8, 2017, from https.//mmm.genome.gov/glossary/.

Another important antibody-based diagnostic technique, particularly for hematologic cancers,
is flow cytometry, which detects multiple cell-surface markers in complex cell populations, such
as bone marrow or peripheral blood. This process, known as “immunophenotyping,” can
classify leukemias and lymphomas based on their cell-surface proteins. Because flow
cytometry has high sensitivity and throughput it can detect small numbers of tumor cells, such
as residual leukemia in normal bone marrow. Finally, flow cytometry can determine eligibility for
the rapidly expanding array of monoclonal antibody—based therapies, including those targeting
CD20 (for lymphoma and leukemia), CD30 (for Hodgkin and other lymphomas), CD33 (for
acute leukemias), and CD38 (for multiple myeloma).

MASS SPECTROMETRY-BASED PROTEOMICS

Antibody-based methods are limited by their low throughput. Analogous to the large-scale
genomic analyses of DNA sequence or RNA expression, mass spectrometry (MS) is a high-
throughput technology that can assay thousands of proteins simultaneously. MS forms the core
of modern proteomics and is used in combination with bioinformatics to quantitate and identify
the large numbers of proteins present in complex biologic samples.®62 These methods are
informed by genomewide sequencing that allowed construction of the comprehensive
databases used to identify the peptides analyzed by MS. MS can also interrogate protein
modifications, such as protein phosphorylation and ubiquitylation, on a very large scale. MS of
cancer samples or serum from cancer patients can be used to generate proteomic signatures
that may influence selection of therapy.®3¢4 One intense area of proteomics research involves
early cancer detection based on defining protein signatures indicative of early-stage cancers in
tissues, such as peripheral blood.®> Proteomic methods likely will be an important tool in cancer
detection, diagnosis, and prognosis in the near future. A related area of MS that will have a
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large effect in cancer biology and treatment in the near future is metabolomics, in which MS is
used to measure hundreds of cellular metabolites, thus, revealing metabolic changes that have
critical roles in carcinogenesis,®® as well as potential therapeutic vulnerabilities.®’

® Protein analyses reveal protein abundance, functional modifications such as
phosphorylation and acetylation, and information such as subcellular localization.

® |mmunological techniques that detect protein expression are used for a wide variety of
diagnostic tests, including immunohistochemical identification and sub-classification of
solid tumors and immunophenotyping for diagnosis and monitoring of hematologic
malignancies.

®m Mass spectrometry—based proteomics allow for large-scale analyses of protein
expression and modifications in tumor tissues.

ONCOGENES AND TUMOR SUPPRESSORS: ACCELERATORS AND BRAKES ON THE
ROAD TO CANCER

Transforming a normal cell into a malignant cell requires a series of mutations in genes, termed
“oncogenes,” which contribute to neoplasia when their functions are altered.®®5° To date,
perhaps several hundred human genes have been implicated as proto-oncogenes—genes that
have the potential to be converted into oncogenes. Dominant oncogenes sustain gain-of-
function mutations in cancers, whereas tumor suppressors are recessive oncogenes that
sustain loss-of-function mutations in cancers.

IDENTIFICATION OF ACTIVATED DOMINANT ONCOGENES

Dominant oncogenes are activated by numerous mechanisms. Many of the first known
oncogenes were discovered in experimental cancer models and subsequently found to be
activated in human cancers by mechanisms such as translocation, amplification, and point
mutations. These different types of mutations lead to distinct functional outcomes and often
provide important diagnostic and prognostic information.

Classical Experimental Cancer Models: Retroviruses and Transfections

Many oncogenes were first discovered through studies of animal cancers induced by
retroviruses, called “RNA tumor viruses.” One class of RNA tumor viruses carry viral oncogenes
within their viral genomes, and several dozen viral oncogenes were identified in the 1970s and
1980s. The major breakthrough with respect to human cancer came with the realization that
viral oncogenes represent mutated versions of host proto-oncogenes that were captured by the
viral genomes during their life cycle. Many viral oncogenes are the counterparts of extremely
important human oncogenes, and the identification of their cellular homologs established the
framework within which we understand the role of dominant oncogenes in tumorigenesis. A
second class of RNA tumor viruses causes cancers in animals by insertional mutagenesis, in
which the integration of a viral genome into a host chromosome activates a cellular proto-



oncogene. Insertional mutagenesis remains a powerful genetic tool for oncogene discovery.’®

Another classic strategy used to identify oncogenes is DNA transfection. In this approach,
DNA is extracted from tumor cells and introduced into recipient cells, which undergo
morphologic and growth alterations (transformation) when they incorporate a tumor-derived
oncogene. The transfected tumor cell DNA is subsequently isolated and sequenced from the
transformed cells, allowing the identification of the transferred oncogene. Many critical human
oncogenes, including RAS, were originally isolated from transfection experiments.’*

Chromosome Translocations

Cancers often contain recurrent chromosome translocations; this is particularly true for
hematologic malignancies, which are often characterized by chromosome translocations that
involve Ig and T-cell receptor genes.”? Specific translocations have important diagnostic and
prognostic implications and serve as molecular markers for the detection of residual disease
and relapse. The regions of DNA commonly involved with translocations are termed
“breakpoints,” and these often contain proto-oncogenes that are activated by the DNA
rearrangement.

Chromosome translocations activate proto-oncogenes in two general ways.”® The most
common mechanism involves the creation of fusion genes when the translocation joins two
genes normally found on separate chromosomes in the same translational reading frame and
results in a novel protein encoded by the two fused genes. Fusion proteins often involve
transcription factors or tyrosine kinases and have biologic activities that differ from the parental
proto-oncogene. Indeed, several examples of this type of translocation are highly relevant to
cancer biology and therapy. The BCR-ABL fusion that results from the reciprocal exchange of
DNA between chromosomes 9 and 22, t(9;22), is known as the Philadelphia chromosome (Fig.
2-10). This translocation juxtaposes the 5' end of the BCR gene on chromosome 22 and the 3'
end of the c-ABL oncogene on chromosome 9. The resultant novel gene produces a hybrid
MRNA that codes for the BCR-ABL oncoprotein, which deregulates the tyrosine kinase activity
normally associated with the c-ABL protein. This translocation is the key driver of CML and is
present in other leukemias as well. Indeed, many hematologic cancers are characterized by
pathognomonic chromosomal translocations that produce fusion proteins.’3

Recurrent chromosome translocations also occur in solid tumors. In Ewing sarcoma,
translocations fuse the EWS gene on chromosome 22 to the FL/-1 gene on chromosome 11,
and this creates a transcription factor containing a DNA-binding domain derived from FLI-1 and
a transcriptional activation domain from EWS.”* Alveolar rhabdomyosarcomas also contain a
pathognomonic translocation, which in this case fuses the PAX3 and FHK4 transcription factors.
Translocations that join the androgen-responsive TMPRSSZ2 gene with two ETS transcription
factors, ETV1 and ERG, occur frequently in prostate cancer and result in abnormal ETS
expression driven by the androgen-responsive regulatory elements in the TMPRSS2 gene.”®

Other translocations activate proto-oncogenes by deregulating their expression without
altering their protein structure. An example of this type of translocation is found in Burkitt
lymphoma, which is characterized by translocations that cause the MYC oncogene, located on
chromosome 8, to be juxtaposed to Ig genes that are located on chromosomes 14, 2, and 22
(Fig. 2-10). In each case, the translocation deregulates MYC expression by placing it under the
control of transcriptional elements contained within the Ig locus. Other examples of proto-
oncogenes that are activated by translocations involving Ig genes include CCND1 which
encodes the protein cyclin D1 (found in mantle cell lymphoma and multiple myeloma) and BCL-2



(in follicular lymphoma).
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Fig. 2-10 Translocation leading to the Philadelphia (Ph) chromosome and the role of BCR-ABL in the pathogenesis of
chronic myeloid leukemia.

The Ph chromosome is a foreshortened chromosome 22 resulting from an exchange between the long arms of chromosomes 9
and 22. This leads to the production of a BCR-ABL fusion protein that has constitutive kinase activity and promotes the
development of chronic myeloid leukemia. The tyrosine kinase inhibitor imatinib inhibits this constitutive kinase activity and can
lead to long term control of this leukemia.

Source: Wikipedia. Public Domain, https://en.wikipedia.org/wiki/Philadelphia_chromosome.

Other genomic rearrangements, such as chromosomal inversions, also create fusion proteins
with important therapeutic implications. For example, inversions of chromosome 2 that fuse the
ALK gene with the EML4 gene identify a subset of patients with non—small cell lung cancer that
respond to therapy with ALK inhibitors.’®

DNA Amplification

DNA amplification results in the increased copy number of a gene and is another mechanism by
which cancer cells increase the expression of a gene product, and many solid tumors exhibit
proto-oncogene amplifications.”” Gene amplification can be directly detected by many methods,
including CGH, FISH, and NGS, as well as by surrogate markers, such as protein expression
by IHC. In some cases, the detection of amplified genes provides important prognostic and
treatment-related information, as in the case of HER2 amplification in breast cancer and
gastroesophageal cancer and MYCN amplification in neuroblastoma.

Point Mutations

While point mutations in cancer genes can inactivate or impair protein function, many recurrent
mutations activate dominant oncogenes. Examples of this mechanism of oncogene activation
include mutations of amino acids that alter KRAS function in colorectal cancers and activating
mutations of the epidermal growth factor receptor (EGFR) in lung cancer. Neomorphic
mutations change the function of the targeted oncoprotein, such as the altered specificity of the
enzyme isocitrate dehydrogenase caused by [IDH1/2 mutations in glioma (see the
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Oncogenomics and Precision Oncology section for discussion of these specific mutations).
Because some common oncogenes, such as KRAS and NRAS, are activated by only a few
specific point mutations, these genes were some of the first that were routinely screened for in
cancer specimens. However, NGS can now identify most potentially oncogenic point mutations
in primary tumor samples, and in time frames that allow genomics-based treatment decisions.”®
One common strategy uses targeted sequencing to interrogate panels of commonly mutated
and actionable proto-oncogenes; this may provide genomic data with a time frame (and cost)
that is more concordant with clinical interventions than broader approaches that sequence all
protein coding regions or even whole genomes.

IDENTIFICATION OF INACTIVATED TUMOR SUPPRESSOR GENES

Many tumor suppressor genes were first identified by virtue of their association with hereditary
cancer syndromes. Importantly, the genes responsible for familial cancers often are the same
tumor suppressor genes that are inactivated in sporadic cancers. In most familial cancer
syndromes, a mutant copy of a tumor suppressor gene is inherited, followed by mutation or
loss of the remaining normal allele, termed “loss of heterozygosity,” in cancers that develop in
these individuals. These types of recessive oncogenes, in which disruption of both alleles is
associated with cancer formation, are known as two-step (Knudson) tumor suppressors,
named after classic studies of the RB1 tumor suppressor in retinoblastoma.’®

There are important exceptions to the Knudson model that expand our understanding of how
tumor suppressor genes are mutated in cancers. In some cases, loss of a single allele of a
tumor suppressor is sufficient to confer cancer susceptibility or contribute to neoplastic
progression, even when a normal allele persists. This is termed a “haploinsufficient tumor
suppressor gene.”8 Another situation in which a tumor suppressor will not conform to the
Knudson model is when tumor suppressors are inactivated by epigenetic mechanisms, such as
when the CDKNZ2A cell-cycle inhibitor is silenced by DNA methylation in cancers. So-called
“dominant negative mutations” also result in noncanonical tumor suppressor inactivation
because they inhibit the function of the wild-type protein produced by the normal allele, thereby
removing the selective pressure to mutate both alleles. In this case, only one allele of the tumor
suppressor gene will contain a mutation, such as seen with the FBXW7 and SPOP ubiquitin
ligases or TP53.

Loss of tumor suppressor gene alleles occurs commonly in cancers.8! In classical studies,
delineating a locus involved by allelic loss in a tumor type was often the first step toward
identifying a tumor suppressor gene, such as the breast cancer susceptibility gene BRCA1.82
Sites of allelic loss were thus determined by analyzing polymorphic markers or CGH, and
disease genes were localized to within the smallest common region of allelic loss. However, this
is another area of cancer genetics that is greatly affected by NGS-based technologies, which
are becoming the method of choice for detecting allelic losses in tumors. NGS approaches also
detect numerous other mechanisms that disrupt tumor suppressor gene function, including point
mutations, deletions that lead to premature termination and/or nonfunctional proteins, and
promoter methylation.

®m Proto-oncogenes are normal cellular genes that can be converted into oncogenes by



mutation or by epigenetic mechanisms, which alter their normal functions or expression.

® Dominant oncogenes encode proteins that are activated in tumors by mechanisms such
as amplification, point mutations, and translocations.

® Tumor suppressor genes are recessive oncogenes that are inactivated in tumors by
diverse mechanisms, including deletions, point mutations, and gene silencing.

CELLULAR FUNCTIONS OF ONCOGENES AND TUMOR SUPPRESSORS

Proto-oncogenes normally function in a remarkably wide array of biologic processes. Many
dominant oncogenes are found within the pathways that normally govern cell division and
differentiation in response to specific signals. Other areas, cellular pathways, and/or processes
are also commonly targeted by oncogene mutations in cancers, including programmed cell
death (apoptosis) and protein degradation. Tumor suppressors also function within most of
these cellular pathways, where they serve to counter the effects of oncogenes. Tumor
suppressors also have a particularly important role in the control of DNA repair and of cellular
responses to DNA damage. The major cellular pathways that contain dominant oncogenes and
tumor suppressor genes, and important examples of oncogenic mutations within these
pathways, are summarized below.

MITOGENIC SIGNAL TRANSDUCTION PATHWAYS

Cell division is triggered by signal transduction pathways that are stimulated when growth
factors bind to specific cell-surface receptors, and these pathways contain proto-oncogenes
throughout the signaling chain.®®8 Most growth factor receptors are anchored in the cell
membrane such that an extracellular domain is available for growth factor (ligand) binding and
an intracellular domain interacts with downstream signaling molecules. The intracellular portion
of a class of growth factor receptors—receptor tyrosine kinases (RTKs)—catalyzes the
addition of phosphate to tyrosine residues. Ligand binding causes RTKs to dimerize and
autophosphorylate, which recruits signaling proteins that transmit the mitogenic signal down
several parallel pathways, including the phosphatidylinositol-3 kinase (PI3K) and mitogen-
activated protein kinase (MAPK) pathways (Fig. 2-11). Cytoplasmic tyrosine kinases also
transduce these mitogenic signals, including the c-ABL protein. The gene encoding this protein
is fused with the BCR gene in CML. Dominant mutations in these signaling kinases found in
cancer subvert the normal growth factor signals needed to stimulate these pathways.

RAS proteins transduce mitogenic signals, and their activity is regulated by whether they are
bound to guanosine triphosphate (GTP) or guanosine diphosphate (GDP).8%" Thus, RAS
activity reflects a balance of guanine nucleotide—exchange factors (GEFs), which activate RAS,
and guanosine triphosphatase—activating proteins (GAPs), which hydrolyze RAS-bound GTP to
GDP (Fig. 2-11). Oncogenic RAS mutations affect amino acids that interface with GAPs, which
results in overactivity of proliferative signaling pathways. Furthermore, GAPs themselves can
function as recessive oncogenes. For example, the NF1 gene is a GAP that acquires a loss-of-
function mutation in neurofibromatosis.2®

RAS drives three parallel signaling pathways: the MAP kinase pathway (which activates
transcription factors), the RAL/CDC42 pathway (which regulates membrane and cytoskeletal
changes), and the PI3K pathway (which affects many cellular functions, including protein
synthesis and apoptosis) (Fig. 2-12). The MAP kinase pathway is stimulated by the RAF



serine/threonine kinase, and signals to additional downstream cytoplasmic serine/threonine
kinases, which ultimately activate MAP kinases and other effectors. Mutations of the BRAF
gene are found in approximately 50% of melanomas. MAP kinase signaling ultimately activates
nuclear proto-oncogenes that encode transcription factor proteins, such as FOS, JUN, and
MYC. Each of these oncogenic transcription factors promotes carcinogenesis by binding to
target genes and affecting their expression.

The phosphtidylinositol 3-kinase/protein  kinase B (PI3K/AKT) pathway stimulates
transcriptional and translational responses that affect incredibly diverse cellular processes,
including cell growth and division, apoptosis, protein synthesis, and cellular metabolism (Fig. 2-
13).66:89-92 Each of these processes may be abnormal in cancers with PI3K mutations, which are
among the most common mutations found in cancer cells.®®> AKT is a protein kinase that is
downstream of PI3K and is often amplified and/or overexpressed in cancers.®* Moreover,
cancers exhibit elevated AKT activity caused by mutations in genes that regulate AKT. For
example, the phosphatase and tensin homolog tumor suppressor (PTEN), which is commonly
deleted in cancers, opposes PI3K and prevents AKT activation.®> AKT phosphorylates many
substrates that regulate cell division, apoptosis, and protein synthesis, and the PI3K/AKT
pathway has enormously complex and important roles in controlling normal and neoplastic
cellular homeostasis.*

Targeting Mitogenic Kinases in Cancer Chemotherapy

The concept of specifically inhibiting mutant oncoproteins in cancer falls under the umbrella term
“targeted therapy” and has been heavily applied to mitogenic kinases in cancer. In cases in
which the roles of individual kinases in specific cancers have been recognized for a long time,
such as HER2 in breast cancer and BCR-ABL in CML, targeted therapies are already mature.
However, the NGS-driven revolution in molecular oncology is now allowing these approaches to
be directed against a much larger number of cancers that contain sensitizing mutations in genes
that can be therapeutically targeted. Although targeted therapies will be discussed in detail in
subsequent chapters in the context of specific organ sites and therapies, a general overview of
these concepts is provided in this section.

Several therapeutic strategies that target aberrant RTKs are in clinical use. One approach
utilizes antibodies that bind to and inhibit RTKs. Examples include trastuzumab, which
antagonizes HER2 activity and is used in the treatment of breast cancers with HERZ2
amplification,®® and cetuximab, an inhibitory antibody that binds to the EGFR and is approved
for use in metastatic colon cancer and head and neck cancers.%":%8

Another important strategy to target RTKs and mitogenic kinases in cancers utilizes small-
molecule inhibitors, such as imatinib, erlotinib, and crizotinib, which bind to specific kinases and
inhibit their catalytic activity. These inhibitors have the greatest efficacy in tumors that contain
mutations within the target kinase. For example, the efficacy of erlotinib and related tyrosine
kinase inhibitors is closely associated with mutations in EGFR that are found in a small fraction
of patients with lung cancers.®1% Another example is the use of BRAF inhibitors to treat
patients whose melanomas harbor BRAF mutations.°* The concept of directing small-molecule
inhibitors against individual tumors with specific mutations is the very crux of precision oncology.
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Fig. 2-11 Mitogenic signaling.

(A) Origin of the mitogenic signal at the cell membrane. The binding of growth factors to receptor tyrosine kinases causes
receptor dimerization and autophosphorylation. The receptor tyrosine phosphorylation then recruits binding proteins that contain
SH2 domains, and these transmit the mitogenic signal (see text). (B) Mitogenic signaling by the RAS pathway. RAS activation
stimulates the mitogen-activated protein kinase pathway, which leads to the activation of downstream transcription factors such
as JUN and MYC (see text).

The cell cycle: principles of control by Morgan, David Owen. Reproduced with permission of Distributed inside North America by
Sinauer Associates, Publishers in the format Book via Copyright Clearance Center.

Kinase inhibitors can also be used to treat tumors that depend on the activity of a kinase
pathway but do not have mutations in the kinase itself. Examples of this approach include the
treatment of chronic lymphocytic leukemia with idelalisib (which inhibits PI3K-8) and the use of
ibrutinib (which inhibits Bruton tyrosine kinase) to treat mantle cell lymphoma and chronic
lymphocytic leukemia.'®? Despite their remarkable activities, the development of resistance
against small-molecule kinase inhibitors limits the durability of clinical responses and may be



inevitable in solid tumors. An exception to this is the use of imatinib and related drugs to inhibit
BCR-ABL in CML, for which responses are extremely durable, lasting years. In most other
cancers, such as the use of BRAF inhibitors in melanoma, resistance develops much more
quickly, despite impressive initial responses.

Tumors acquire resistance to kinase inhibitors in several ways. One mechanism involves
mutations in the target kinases themselves, such that they are no longer inhibited by the
targeted therapy. In some cases, the mutant kinases can still be effectively inhibited by related
small molecules, whereas other mutations confer wider drug resistance. An example of this
mechanism is the acquisition of BCR-ABL mutations in CML that prevent its inhibition by
imatinib, but which can still be inhibited by related agents, such as nilotinib.03.104
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Fig. 2-12 RAS upstream and downstream signaling.

Extracellular stimuli signal through cell-surface plasma membrane receptors, for example, RTKs (EGF/EGFR shown). Through a
variety of adaptor proteins, these signals cause guanine nucleotide exchange factors to replace the GDP bound to inactive RAS
with GTP. GTP-bound RAS binds to a plethora of downstream effector molecules to stimulate intracellular signaling of several



pathways. Those with established roles in RAS oncogenesis include the RAF serine/threonine kinases (shown), as well as the
PI3K lipid kinases, RAL GEFs, and Tiam1. Activating mutations in RAS genes are present in many tumor types and lead to
constitutive RAS signaling, which drives transformation, invasion, and metastasis.

Source: Wikipedia. Public Domain, https://en.wikipedia.org/mki/MAPK/ERK_pathvay .

However, some mutations confer resistance to an entire class of inhibitors. The second
major mechanism of resistance to kinase inhibitors involves the development of bypass
pathways, in which tumor cells “rewire” their mitogenic signaling to utilize alternative pathways.
In this case, although the target kinase is still sensitive to the pharmacologic inhibitors, the
tumors have escaped kinase inhibition through the activation of alternative signaling
pathways.1% An example of this mechanism is the activation of alternative RTKs in lung cancers
being treated with EGFR inhibitors. One therapeutic approach in this case is the use of
additional kinase inhibitors to block the bypass pathway, such as targeting both the BRAF and
MAPK pathways in melanoma, although additional mutations also tend to render this approach
ineffective over time.

CELL-CYCLE CONTROL

Cell cycles are divided into four phases that coordinate cell growth, DNA replication, and cell
division. G1 phase is a period of growth between mitosis and the onset of DNA synthesis during
which cells integrate mitogenic signals and commit to the onset of DNA replication. S phase is
the period of DNA synthesis during which a cell replicates its genomic complement. G2 phase
follows the S phase and is a second period of cell growth. In mitosis, chromosomes are
segregated to daughter cells and cell division occurs. It is critically important that cells execute
the cell-division cycle faithfully, and mutations in the genes that regulate the cell cycle are
among the most common genetic changes in cancer cells.06.107

The cyclin-dependent kinases (CDKSs) orchestrate cell-cycle transitions by phosphorylating
protein substrates with diverse roles in cell division (Fig. 2-14). CDKs are composed of two
subunits: a catalytic subunit (the CDK) and a regulatory subunit (the cyclin) that activates the
CDK. The best known G1 CDK substrate is the retinoblastoma protein (pRb), and the Rb
pathway is mutated in most cancers. Early in the G1 phase, unphosphorylated pRb sequesters
E2F transcription factors and represses the expression of cell-cycle genes. As the cell cycle
progresses, Rb becomes phosphorylated by cyclin CDKs, which releases E2F and promotes
the transcription of genes that drive cell proliferation (Fig. 2-15). Two classes of CDK inhibitor
proteins prevent CDK activity. The INK4 proteins inhibit only CDK4 and CDK6, whereas the
CIP/KIP proteins (p21, p27, and p57) bind to most cyclin-CDKs (Fig. 2-14).

Cyclins and CDKs can act as dominant oncogenes. The cyclin D1 gene (CCND1) is
rearranged by chromosome inversion in parathyroid adenomas, translocated to the IgG heavy
chain locus in mantle cell lymphomas, and amplified in 10 to 15% of solid tumors. Similarly, the
cyclin E gene (CCNE1) was found to be the second most commonly amplified gene in ovarian
cancers'®® and the cyclin E protein is upregulated in cancers by increased CCNE1 transcription
or prolonged protein stability.'%® CDKs themselves undergo oncogenic mutation, such as a
CDK4 mutation found in familial melanomas that prevents its inhibition by INK4 proteins.!°
Abnormal CDK4 and CDKG6 activity is particularly linked to tumorigenesis, and CDK4/6 inhibitors
are demonstrating great promise in breast cancer and hematologic cancers, as evidenced by
the recent approval of palbociclib to treat estrogen receptor—positive breast cancer.'-1*3 Small
molecules that inhibit other cell-cycle kinases, such as cyclin-dependent kinase 2 (CDK2) and
the Weel kinase, which regulates CDK activity, are also in wide clinical trials.4115
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Genes encoding proteins that inhibit CDKs are recessive oncogenes. pl6INK4A proteins,
encoded by the CDKNZ2A locus, frequently exhibit allelic loss in cancers. Another potent tumor
suppressor, ARF, also is contained within CDKN2A and contributes to the biologic selection for
its allelic loss.'*® Deletions and point mutations of the CDKN2A locus occur commonly in
cancers such as glioblastomas.*” CDKNZ2A is also epigenetically inactivated in tumors by
promoter methylation, most notably in colon and lung cancers.'*® The p27KIP1 CDK inhibitor is
a tumor suppressor whose abundance has prognostic significance in cancers.*® This protein,
encoded by the CDKN1B gene, is an example of a tumor suppressor that is rarely mutated, but
instead is inactivated by mutations in the pathways that regulate its degradation and/or
subcellular localization. RB1 is the prototype tumor suppressor, and its role in hereditary
retinoblastoma provided the basis for the Knudson two-step model.” Importantly, RB1 is
mutated in many sporadic cancers, including small cell lung cancer, bladder cancer, and other
common tumors.120.121
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Fig. 2-13 Alterations of the AKT pathway in human cancer.

Activation of growth factor receptors such as EGFR, either by ligand stimulation or receptor overexpression/mutation, is one of
the major mechanisms responsible for upregulation of AKT signaling. Other common mechanisms include activation of
oncoproteins and inactivation of tumor suppressors intersecting the AKT signal transduction pathway. Proteins shown in green
indicate oncoproteins for which overexpression and/or activating mutations have been implicated in many sporadic human
cancers. Proteins in orange are tumor suppressors whose loss and/or inactivation have been found to contribute to deregulation
of the AKT pathway and tumor formation. FOXO transcription factors have also been implicated as tumor suppressors (see text),
although, to date, mutations have not been observed in any hereditary cancer syndrome. AKT signaling contributes to cancer



development by activating multiple processes, including cell survival, angiogenesis, and protein synthesis.
Source: Wikipedia. Public Domain, https://en.wikipedia.org/wiki/Akt/PKB_signaling_pathway .

APOPTOSIS

Tumor growth is a consequence of both unrestrained cell division and decreased cell death, and
the pathways that mediate cell death contain proto-oncogenes that are mutated in cancers.
Apoptosis is a physiologic process whereby complex biochemical pathways mediate cell death;
it is triggered by two distinct pathways (Fig. 2-16).122123 Cell death through the extrinsic
pathway is signaled when ligands, such as tumor necrosis factor-alpha (TNF-a) and Fas ligand,
bind to cell-surface death receptors, such as TNF-R1 and Fas. Ligand binding to death
receptors initiates a sequence of events leading to activation of proteases, termed “caspases,”
which execute the apoptotic response. In contrast, the intrinsic or mitochondrial pathway results
from a number of stimuli, such as radiation therapy or chemotherapy, and involves changes in
the mitochondrial membrane that affect the release of cytochrome C into the cytoplasm. The
intrinsic pathway also activates a caspase cascade that ultimately leads to DNA fragmentation
and cell death.
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Fig. 2-14 The cell cycle.

The cell cycle is divided into four phases (G1, S, G2, and M). Progression through the cell cycle is promoted by cyclin-dependent
kinases (CDKs), which are regulated positively by cyclins and negatively by CDK inhibitors (CDKIs). The restriction point is the
point at which cells progress through the cell cycle independently of external stimuli.

Reproduced with permission from Schwartz G, Shah M. Targeting the cell cycle: A new approach to cancer therapy. J Clin Oncol.
2005,23:9408-9421. PMID: 16361640.
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The BCL-2 family comprises proteins that regulate apoptosis; they are either proapoptotic
(promote cell death) or antiapoptotic (promote cell survival).'?* BCL2 is antiapoptotic and was
first identified as the gene activated by the t(14;18) translocation found in follicular lymphomas.
The precise mechanisms by which BCL-2 prevents cell death are not fully elucidated, but they
involve interactions with proapoptotic family members, as well as mitochondrial functions. One
important consequence of BCL-2 overexpression in tumorigenesis is that it prevents the
apoptosis normally triggered by dominant oncogenes, such as MYC, and this likely underlies
the aggressive behavior of “double-hit” lymphomas, which contain activating translocations of
both the MYC and BCLZ2 genes.?®> The realization that BCL-2 prevents apoptosis was pivotal in
the evolution of understanding the relationship between apoptosis and cancer. Because of their
potential to induce apoptosis in tumor cells, drugs that target the BCL-2 family are being widely
studied in clinical trials.126-128

Many oncogenes interact with the core apoptotic pathways. The most common mutations
that impair apoptosis in tumors involve the TP53 tumor suppressor gene. Apoptosis is one
outcome of TP53 activation by cellular stresses, and impaired cell death is an extremely
important consequence of TP53 loss in cancer. Another frequently mutated pathway that
negatively regulates apoptosis is the PISK/AKT pathway. AKT's interactions with apoptotic
signaling is complex and includes direct effects on the mitochondrial membrane, as well as
functional interactions with BCL-2 family members, FOXO transcription factors, nuclear factor-
kappa B, and p53.

® Mitogenic signaling pathways contain many broadly acting proto-oncogenes. Many of
these proteins are tyrosine kinases that can be targeted clinically by small-molecule
kinase inhibitors and antibody-based therapeutics.

® The genes that regulate the cell-division cycle are commonly mutated in cancer cells.
® Many oncogenic mutations disrupt normal apoptotic responses.

UBIQUITIN-MEDIATED PROTEOLYSIS

Many short-lived proteins are degraded in a proteolytic structure called the “proteasome.”
Conjugation of a protein to ubiquitin is the signal for its delivery to the proteasome, and this is
catalyzed by a multistep reaction in which ubiquitin is transferred to lysine side chains of the
target protein (Fig. 2-17).%2°-131 Ubiquitin, a 76—amino acid protein, is first attached to an
ubiquitin-activating enzyme (E1), and then transferred to ubiquitin-conjugating enzyme carrier
proteins (E2). In most cases, protein ubiquitylation requires an ubiquitin ligase enzyme (E3),
which facilitates transfer of ubiquitin to the protein substrate. Cells contain hundreds of E3s,
and these often recognize their targets after they have been modified by specific signals (e.g.,
phosphorylation). A family of deubiquitinating enzymes provides an additional layer of control by
removing ubiquitin moieties from protein substrates. The multienzyme and signal-regulated
ubiquitin—proteasome system provides an enormous amount of specificity over which proteins
are degraded in various contexts. In addition to protein degradation, which is signaled by a
specific type of polyubiquitin linkage to proteins, ubiquitylation also regulates processes such as



protein—protein interactions and cellular signaling, and specific types of polyubiquitin and
monoubiquitin linkages mediate these alternative outcomes.
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Fig. 2-15 Rb and E2F function.

Rb binds the transcription factor E2F and its associated subunit DP. Rb represses E2F-mediated transcription by recruiting
chromatin remodeling complexes to the promoter in resting cells. At the G1-S-phase transition, Rb is thought to be
phosphorylated by CDK2, CDK4, and CDK6. Hyperphosphorylated Rb releases E2F, allowing it to activate transcription of its
target genes.

Reprinted by permission from Macmillan Publishers Ltd: Classon M, Harlow E. The retinoblastoma tumour suppressor in
development and cancer. Nat Rev Cancer. 2002,2:910-917. PMID: 12459729.

E3 ubiquitin ligases are important oncogenes and tumor suppressors. FBXW?7 encodes an
E3 ubiquitin ligase and is one of the most commonly mutated tumor suppressor genes across
the cancer spectrum.3? Fbxw7 targets numerous key oncoproteins for degradation, including
cyclin E, c-Myc, Notch, and c-Jun, and inactivating FBXW?7 mutations promote tumorigenesis
through the unrestrained activity of its oncogenic substrates. Cancer of some organ sites, such
as T-cell acute lymphoblastic leukemias and endometrial cancers, exhibit particularly high
FBXW7 mutation rates. SPOP is another ubiquitin ligase protein recently implicated in
carcinogenesis. Prostate and endometrial cancers show recurrent mutations in SPOP that lead
to deregulation of cancer drivers, including androgen and estrogen receptors.'3134 SPOP also
appears to be involved in the DNA repair gene process, and SPOP mutation may predict
sensitivity to DNA-damaging agents.**® Interestingly, SPOP may act as an oncogene in clear
cell renal cancer, and as such, is an example of the rare genes that can act as both tumor
drivers and tumor suppressors, depending on cellular context.'3¢ Inactivating mutations of the
Von Hippel-Lindau (VHL) E3 ubiquitin ligase are the cause of VHL syndrome; in this syndrome
renal cell carcinomas, central nervous system hemangioblastomas, pheochromocytomas,
pancreatic tumors, and other neoplasms develop. VHL syndrome is diagnosed by the presence
of germline inactivating VHL mutations, and the remaining allele is inactivated in tumors by
mutation. Inactivating VHL mutations are also found in most spontaneous renal cell
carcinomas.'®” One critical VHL target is hypoxia-inducible factor-1 alpha (HIF1A), a
transcription factor that regulates genes in response to hypoxia, including an angiogenic
transcriptional program that contributes to the highly vascular tumors associated with VHL loss.
In other cases, E3s are overexpressed and act as dominant oncogenes. One example of this
involves MDM2, a ubiquitin ligase that degrades the p53 protein, and whose abundance is
increased in cancers by mechanisms such as gene amplification.*38

Proteasome inhibitors have emerged as important antineoplastic agents, particularly for the
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treatment of hematologic cancers.'*%4° Bortezomib was the first pharmacologic proteasome
inhibitor in clinical use and is approved for the treatment of patients with multiple myeloma and
mantle cell lymphoma. Carfilzomib is a second-generation proteasome inhibitor approved for
the treatment of multiple myeloma. However, the mechanism(s) that account for the therapeutic
index associated with general proteasome inhibitors still remains unclear because these
compounds affect a large number of proteins normally degraded by the proteasome. The
ubiquitin—proteasome system also contributes to the actions of other chemotherapeutics, such
as the striking finding that thalidomide and related drugs cause the Cereblon E3 ubiquitin ligase
to abnormally degrade lkaros B-cell-specific transcription factors and casein kinase 1 alpha
and that this accounts for their efficacy in multiple myeloma and myelodysplastic syndromes
with chromosome 5q deletions.41-143 |n addition to general proteasome inhibitors, activators or
inhibitors of specific components of the ubiquitin ligase pathway are of great clinical interest.*4
For example, inhibitors of the SPOP ubiquitin ligase have been developed and show activity in
kidney cancer models.%4°

WNT/BETA-CATENIN SIGNALING

The Whnt/beta-catenin pathway has vital roles in development and cellular self-renewal.'46
Consistent with these functions, abnormal Wnt signaling is implicated in many cancers.
Reduced to their essential components, soluble Wnt proteins bind to membrane-bound
receptors, and this prevents the ubiquitin-dependent degradation of beta-catenin by the
proteasome. Beta-catenin then translocates to the nucleus, where it stimulates a transcriptional
program in concert with members of the TCF family of transcription factors. The regulation of
this pathway is quite complex, and many proteins augment or restrain Wnt pathway activation.
The best-characterized role of Wnt pathway activation in human cancer is in familial
adenomatous polyposis, a hereditary colon cancer syndrome caused by deletion of the APC
tumor suppressor. APC loss in cancers upregulates Wnt signaling by increasing beta-catenin
abundance. Although first described in familial adenomatous polyposis, APC mutations are
found in most sporadic colon cancers, and they are an early step during the progression of
colorectal cancer.'*” Many other cancers also have aberrant Wnt signaling, including uterine
cancers, brain cancers, and leukemia.?° Inhibitors of the Wnt pathway are being actively
studied for use in cancer therapy.'*® For example, the finding that colorectal cancers require
persistent Wnt deregulation for tumor maintenance suggests that Wnt inhibitors may be
efficacious in this setting.4°



e Mutti-dormain
Pro-apoptotic
BAD
Survival factors, » (:\) ¢
Glucose —o (["1 L
- 8
nA LD
o\, | G2
Death receptorns, f :
Caspase-§ r:i) o)
BCL-2
HN Apopt Effector
" Cerielip o]
Cytokines BCL-X, tApale1, Caspases
Caspase-9,
Cytochrome ¢
MCL-1
PUMA
DMA damage, Multi-domain
P53 induced Aniti-apoptotic
B

aaaaaaaaaaaaaaaaaaaaaaaaaaaa

RiP

clAP12

Caspase-8 ? Caspase-8 é ?ﬂaspﬂ&tﬂ-
HEEE R — \ l
&_‘ Apoptosis

Fig. 2-16 Apoptosis pathways.

(A) The intrinsic apoptosis pathway (see text for details). (B) Extrinsic death receptor pathways. The distinct composition of the
death-inducing signaling complex (DISC) downstream of the various death receptors TNFR1, CD95, and DR4/5 is illustrated.
Reprinted from Danial NN, Korsmeyer SJ. Cell death: critical control points. Cell. 2004 Jan 23,;116(2):205-19. With permission
from Elsevier. PMID: 14744432.
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Fig. 2-17 Overview of the ubiquitin—proteasome pathway.

Ubiquitin (Ub) is a small protein that is first transferred to the ubiquitin-activating enzyme, E1, in an ATP-dependent manner. This
activated ubiquitin is then transferred to the ubiquitin-conjugating enzyme, E2. Finally, the ubiquitin is covalently attached to the
target protein by an E3 ubiquitin ligase, leading to formation of a polyubiquitin chain. The polyubiquitinated protein is recognized by
the 26S proteasome, and is destroyed in an ATP-dependent manner.

Reprinted with permission from J Clin Oncology, Mani A, Gelmann EP. The ubiquitin-proteasome pathway and its role in cancer.
2005 Jul 20;23(21):4776-89. PMID: 16034054.

DIFFERENTIATION

Most somatic cells are in a terminally differentiated, postmitotic state, which is established by
complex transcriptional pathways. Many proto-oncogenes affect the pathways that regulate
differentiation, and these often are transcription factors and/or coactivators involved in
leukemias and lymphomas.'>! For example, the gene encoding retinoic acid receptor (RAR)-
alpha is deregulated by several translocations found in acute promyelocytic leukemia, most
commonly t(15;17), which produces a promyelocytic leukemia (PML)—RAR-alpha fusion protein.
This fusion protein acts as a dominant-negative mutant that inhibits RAR-alpha target genes by
recruiting co-repressors. This dominant-negative RAR-alpha fusion is targeted by all-trans
retinoic acid (ATRA), which is used in conjunction with combination chemotherapy to induce
remission in patients with acute promyelocytic leukemia. ATRA binds to the fusion protein and
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prevents it from bringing co-repressors to RAR-alpha target genes. Thus, ATRA treatment
reverses the differentiation block caused by the translocation product and allows promyelocytes
to proceed down their differentiation pathway.'®' Core-binding factor (CBF) is another
transcription factor that regulates hematopoietic differentiation and genes encoding both
components of CBF (RUNX1/AML1 and CBF-beta) are involved in translocations found in acute
leukemia. Like RAR-alpha, these translocations produce dominant-negative proteins that inhibit
CBF target gene expression, which is thought to impair hematopoietic cell differentiation.*>2

The NOTCH genes are involved in cell-fate and differentiation pathways and are frequently
altered in human cancers. NOTCH genes encode transmembrane receptors that stimulate
transcriptional programs after they bind to ligands.'>3 Ligand binding causes Notch proteins to
be cleaved, forming intracellular domains that translocate to the nucleus. Notch proteins play
important roles in lymphoid differentiation and are likely drivers of hematologic cancers.
NOTCH1 was first described as an oncogene by virtue of its involvement in the t(7;9)
translocation found in a subset of patients with T-cell acute lymphoblastic leukemia. However,
activating NOTCH1 mutations occur in as many as 50% of patients with this disease.*>* The
precise mechanisms through which Notch proteins promote leukemia are thought to involve
impaired differentiation and enhanced self-renewal, and MYC is a critical mediator of Notch
protein activity.®> Interestingly, Notch proteins may act as tumor suppressors in some cancers,
as 20% of squamous cell carcinomas show inactivating mutations in NOTCH genes. How this
pathway promotes cancer in some clinical situations while suppressing it in others remains
poorly understood.*%6

DNA REPAIR PATHWAYS

Mammalian cells use three major DNA repair pathways to maintain genomic integrity (Fig. 2-
18). Mutations that disrupt these pathways cause genetic instability and are associated with
diseases characterized by sensitivity to DNA-damaging agents and cancer predisposition.
Ultraviolet light—induced nucleotide dimers and other DNA adducts are recognized and repaired
by the nucleotide excision repair (NER) pathway. DNA-recombination repair is involved in the
restoration of double-stranded breaks induced by ionizing radiation and radiomimetic agents.
Finally, the DNA MMR pathways correct errors during DNA replication by removing the
mismatched strand and enabling subsequent repair of the DNA.

Nucleotide Excision Repair Pathway

NER pathways correct nucleotide lesions induced by ultraviolet light and adducts induced by
chemical carcinogens.’®” There are two NER pathways: a global repair pathway and a
transcription-coupled repair pathway that repairs DNA damage that occurs during transcription.
Mutations affecting these pathways give rise to sun-sensitive and developmental disorders,
including xeroderma pigmentosum, Cockayne syndrome, and trichothiodystrophy. Xeroderma
pigmentosum is an autosomal-recessive disorder leading to neurodegeneration, sensitivity to
ultraviolet light, abnormalities in skin pigmentation, and cancer predisposition. Patients with this
disorder have a risk for skin cancer that is estimated to be 2000 times higher than the risk in
the general population. Eight genes have been associated with xeroderma pigmentosum; seven
of them code for excision-repair proteins, and one is a DNA polymerase that is required for
accurate replication of damaged DNA. In contrast, Cockayne syndrome is associated with two
genes, ERCC8 and ERCC6, which are involved in transcription-coupled DNA repair.
Trichothiodystrophy is caused by mutation of either ERCC2 or ERCC3, which encode helicase



subunits of the TFIIH transcription complex. Neither Cockayne syndrome nor
trichothiodystrophy is associated with an increased cancer risk.
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Fig. 2-18 DNAIlesions and repair mechanisms.

(Top) Common DNA-damaging agents. (Middle) Examples of lesions that can be introduced into the DNA double helix by these
agents. (Bottom) The most frequently used repair mechanisms for such lesions. Distinct damaging sources can induce similar
types of DNAlesions, and any one agent often induces more than one type of damage. The lesion spectrum of different repair
pathways may overlap.

Abbreviations: BER, base excision repair; NER, nucleotide excision repair.
Reproduced with permission from Oxford University Press: de Boer J., Hoejjmakers JH. Nucleotide excision repair and human
syndromes. Carcinogenesis. 2000;21:453-460. PMID: 10688865.

Double-Strand Break Repair

Damage to DNA by radiation, chemicals (such as chemotherapy), and other insults produces
double-strand breaks that are recognized and repaired by a coordinated response that involves
the proteins encoded by a wide range of tumor suppressor genes. Mutations of some of these
genes cause inherited syndromes that have highly variable clinical manifestations. Ataxia
telangiectasia is characterized by progressive cerebellar ataxia, telangiectasia,
immunodeficiency, and increased tumorigenesis (most commonly T-cell neoplasms). The ataxia
telangiectasia gene (ATM) encodes a large protein kinase with homology to PI3K. ATM is
activated by serine phosphorylation in response to DNA breaks, and it phosphorylates a number
of downstream substrates with critical roles in DNA repair and checkpoint pathways, including
CHK2, p53, BRCA1l, and NBS1 (Fig. 2-19).'%® Cells derived from patients with ataxia
telangiectasia exhibit increased DNA damage after radiation therapy, as well as defects in
normal cell-cycle responses to DNA damage, called “checkpoints” (discussed in more detalil
Checkpoints: Crossroads of DNA Repair, Cell Cycle Regulation, and Genetic Instability).
Fanconi anemia (FA) is an autosomal-recessive disease characterized by developmental
abnormalities, bone marrow failure, and susceptibility to cancers, particularly acute myeloid
leukemia, squamous cell cancer of the head and neck, gynecologic cancers, and esophageal
cancer. Similar to ataxia telangiectasia, cells derived from patients with FA display abnormal
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chromosome breakage. However, FA cells are not hypersensitive to ionizing radiation; rather,
they are hypersensitive to DNA cross-linking by agents such as diepoxybutane and mitomycin
C. Classic studies defined many FA complementation groups, and 13 FA genes have now been
cloned. Remarkably, many of these proteins form a complex that catalyzes the
monoubiquitination of two FA proteins, FANCD2 and FANCI.'5%-161 Monoubiquitinated FANCD2
and FANCI become localized to nuclear foci after DNA damage, and these foci also contain
FANCDL1 (identical with the BRCAZ2 breast cancer gene) and other proteins, including BRCA1
and NBS1 (Fig. 2-19). The striking intersection of the BRCA1 and FA pathways underscores
the central importance of this DNA damage sensing and repair mechanism in carcinogenesis.
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Fig. 2-19 Recombinational repair of DNA double-strand damage.

DNA double-strand breaks recruit protein kinase ATM and also activate the Fanconi anemia core complex
(FANCA/B/C/E/FIG/LIM) that monoubiquitinates the downstream targets FANCD2 and FANCI. ATM activates (phosphorylates)
CHEK2 and FANCD2 and in turn CHEK2 phosphorylates BRCAL. Ubiquinated FANCD2 complexes with BRCA1 and RAD51. The
PALB2 protein then acts as a hub, bringing together BRCA1, BRCA2, and RAD51 at the site of a DNA double-strand break, and
also binds to RAD51C, a member of the RAD51 paralog complex RAD51B-RAD51C-RAD51D-XRCC2 (BCDX2). The BCDX2
complex recruits RAD51 or stabilizes the damage sites. RAD51 plays a major role in homologous recombinational repair of DNA
during double-strand break repair. In this process, an ATP dependent DNA strand exchange takes place in which a single strand
invades base-paired strands of homologous DNA molecules. RAD51 is involved in the search for homology and strand pairing
stages of the process.

Source: Wikipedia. Public Domain,
https://en.wikipedia.org/wiki/Fanconi_anemia#/media/File:Homologous_recombinational_repair_of DNA_double-
strand_damage.jpg.

The NBS1 protein is another component of nuclear repair foci implicated in a chromosome
breakage syndrome. Nijmegen breakage syndrome is an autosomal-recessive disease
characterized by microcephaly, immunodeficiency, and increased frequency of hematopoietic
cancers that is caused by mutations in the NBS1 gene. NBS1 forms a complex with MRE11 and
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RAD50, which binds to BRCA1 in nuclear foci. Deficiency of the NBS1 protein blocks the
formation of the MRE11-NBS1-RAD50 complex, and this impairs the S-phase surveillance
responses triggered by ATM. Accordingly, many of the symptoms of this disease are identical
to symptoms of ataxia telangiectasia.

Mismatch Repair

DNA MMR corrects errors that occur during DNA replication, primarily single base mismatches
or short insertions or deletions.'%2 A complex of proteins bind to a DNA mismatch, identify the
correct DNA strand, and then excise and repair the mismatch. Several of these proteins are
tumor suppressors involved in hereditary nonpolyposis colon cancer (HNPCC). Patients with
HNPCC/Lynch syndrome develop colon cancer at an early age, as well as cancers in many
other organ sites.*®® The two most commonly mutated MMR genes in Lynch syndrome are
MSH2 and MLH1. MSH2 is involved with the initial recognition of the mismatch, whereas, MLH1
helps determine which DNA strand contains the correct sequence. Mutations in other MMR
genes are less commonly associated with HNPCC and include MSH6, PMS1, and PMS2.
Patients with HNPCC inherit a nonfunctional MMR gene allele with subsequent loss of the
remaining allele in a somatic cell that will ultimately give rise to a tumor. Importantly, impaired
MMR causes a hypermutable phenotype, as evidenced by microsatellite instability, which is
readily detected in tumors by PCR-based assays that reveal novel tumor-specific microsatellite
fragments. Although microsatellite instability is the hallmark of HNPCC, it also is found in a
subset of sporadic colon cancers. However, in these cases, MLHI1 is typically silenced by
promoter hypermethylation rather than by gene mutation.

CHECKPOINTS: CROSSROADS OF DNA REPAIR, CELL-CYCLE REGULATION, AND
GENETIC INSTABILITY

The fidelity of the enzymes that replicate DNA and segregate chromosomes is largely
responsible for the accurate propagation of genetic information. However, these enzymes have
an intrinsic error rate, and the frequency of errors is increased by genotoxic insults. Normal
cells continually monitor DNA replication and mitosis and stop the cell cycle if these do not
occur correctly, allowing the damage to be repaired before proliferation resumes, or initiate
apoptotic and/or senescence responses if the damage cannot be repaired. The pathways that
link cell-cycle progression to the accurate execution of prior cell-cycle events are called
“checkpoints.”®4 (Note that this section refers to checkpoints as molecular processes that
safeguard the genome from damage; such checkpoints are wholly distinct from the checkpoints
present in the immune system that are targeted by immunotherapy approaches.)

Mammalian cells have checkpoints that operate in each phase of the cell cycle and are
intricately interwoven with the cell-cycle and DNA repair machinery.165-1¢¢ The G1 and G2
checkpoints recognize DNA damage that occurs during these cell-cycle phases and initiate
responses leading to either cell-cycle arrest or cell death. In addition to DNA damage, the S-
phase checkpoint also is activated by stresses that inhibit the proper function of the replication
machinery, including S-phase chemotherapeutics such as hydroxyurea and cytarabine.

Checkpoint pathways may be broadly viewed as being composed of sensors/mediators,
signal transducers, and effectors (Fig. 2-20). The sensors and mediators detect DNA damage
and comprise protein complexes that accumulate in DNA repair foci. The DNA damage signal is
then transmitted by kinases, which initially include ATM and ATR, and subsequently by kinases
such as CHK1 and CHK2, which ultimately activate effectors, such as p53 and Cdc25, that



directly affect cell-cycle progression, apoptosis, and DNA repair proteins. Small-molecule
inhibitors of many checkpoint kinases are being evaluated as chemotherapeutics.

Checkpoint pathways are disrupted in most cancers. One consequence of impaired
checkpoint function is genetic instability, which drives tumor progression through the
accumulation of additional oncogenic mutations. The p53 protein plays a central role in
checkpoint pathways, and TP53 is the most frequently mutated human tumor suppressor
gene.®*-171 Although this gene is mutated in up to half of all spontaneous cancers, its role as a
tumor suppressor first came to light in studies of Li-Fraumeni syndrome, a rare autosomal
disorder associated with the development of a wide variety of early-onset cancers, including
soft-tissue and bone sarcomas, as well as breast, brain, and colon cancers. TP53 encodes a
transcription factor that is activated by many triggers, including DNA damage and replication
stress. When the p53 protein is activated by signals such as DNA damage, the outcome can be
cell-cycle arrest, apoptosis, or cellular senescence; these alternative outcomes depend on
many factors (Fig. 2-21). p53 accomplishes these outcomes by activating transcription of its
target genes and through other actions. Tumors most commonly inactivate TP53 through loss-
of-heterozygosity, which leaves a single normal copy of the gene, followed by intragenic point
mutations, which inactivate the remaining allele by altering critical functional domains of the
resulting p53 protein.

Another mechanism of p53 loss in tumors involves the MDM2 ubiquitin ligase.*3® MDM2
expression is induced by p53, and it functions in a feedback loop to downregulate p53 by
catalyzing its ubiquitination. The normal MDM2—p53 regulatory circuit is disrupted in many
cancers. MDM2 is overexpressed in a wide spectrum of neoplasms, and this leads to
decreased p53 abundance and function. A second mechanism that targets this pathway
involves the ARF tumor suppressor. As discussed previously, ARF is encoded within the same
gene as the p16INK4A protein and is frequently deleted in cancers.'’? ARF normally binds to
MDM2, which prevents MDM2 from degrading p53. However, when ARF is deleted, MDM2
activity is unrestrained, causing p53 to be degraded. ARF expression is induced by oncogenes
such as MYC and plays an important role in p53 activation by oncogenic signaling. Thus, loss of
ARF disables an important protective mechanism against oncogenic transformation.

There is enormous interest in developing cancer treatment strategies that target the p53
pathway. In fact, studies in model systems demonstrating the antitumor activity of p53
restoration in tumors has reenergized this active field.'”® Strategies that target the p53 pathway
range from peptides that restore p53 function in cells with mutant p53 proteins to recombinant
adenoviruses that selectively kill cells with TP53 mutations. However, the scope of these
approaches is too great to be covered in detail here, and there are reviews that address this
large field.174175
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Fig. 2-20 Organization of DNAdamage response pathways.

(A) Ageneral outline of the DNA-damage response signal transduction pathway. Arrowheads represent activating events, and
perpendicular ends represent inhibitory events. Cell-cycle arrest is depicted with a stop sign and apoptosis with a tombstone. The
DNA helix with an arrow represents damage-induced transcription, while the DNA helix with several oval-shaped subunits
represents damage-induced repair. For the purpose of simplicity, the network of interacting pathways are depicted as a linear
pathway consisting of signals, sensors/mediators, transducers, and effectors. (B) Organization of the mammalian DNA-damage
response pathway. Arrowheads represent positively acting steps while perpendicular ends represent inhibitory steps. Gene
names are shown at the approximate positions where their encoded proteins function in the pathway. Although the general
organization of the pathway is correct, some details are omitted, especially concerning the relationship between the ATR/ATM and
Hus1/Rad17/Rad9/Radl proteins, which may participate in mutual regulation.

Reprinted by permission from Macmillian Publishers Ltd: Zhou BB, Elledge SJ. The DNA damage response: Putting checkpoints
in perspective. Nature. 2000;,408:433—-439. PMID: 28339883.

The mitotic or spindle assembly checkpoint ensures that chromosomes are equally
segregated to daughter cells during mitosis, and it is the key safeguard against the gain or loss
of whole chromosomes, also known as “aneuploidy.” The spindle apparatus is composed of
tubulin and attaches to chromosomes through their kinetochores during mitosis. In a normal cell,
the signal that activates the spindle checkpoint is generated by kinetochores that are
unattached or have insufficient spindle tension; this delays mitosis and ensures that
chromosome separation does not occur in situations in which the daughter cells may receive an
abnormal number of chromosomes because of misalignment (Fig. 2-22).176 A number of spindle
checkpoint proteins accumulate at the unattached kinetochore, including BUB1, BUBR1, MAD1,
and MAD2. This complex prevents mitosis by sending a signal that inhibits the anaphase-
promoting complex (APC), an E3 ubiquitin ligase that regulates mitotic entry and exit. Two
critical APC targets that must be degraded for mitosis to proceed are cyclin B and securins
(the latter function to hold together sister chromatids). Thus, the spindle checkpoint prevents
mitosis in the setting of an improperly attached spindle by blocking the degradation of APC
substrates. A number of chemotherapeutic agents target the spindle apparatus (e.g., taxanes
and vinca alkaloids) and trigger the spindle checkpoint in normal cells.
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Fig. 2-21 The cellular response to DNA damage.

The activation of p53 classically occurs in response to many other cellular stresses that produce DNA damage, including
oncogene-induced stress. Depending on the nature of the inducing signal, these DNA-damage responses activate myriad
upstream mediators that lead to upregulation and activation of p53. This, in turn, results in activation of p53 target genes that
serve to counteract the initiating cellular stress and protect the cell from further damage. When TP53 is mutated or deleted, as it
is in most cancers, these critical safeguards no longer function and cellular stress continues unabated.

Copyright © 2015 Czarny, P.; Pawlowska, E.; Bialkowska-Warzecha, J.; Kaarniranta, K.; Source: Blasiak, J. Autophagy in DNA
Damage Response. Int J Mol Sci. 2015 Jan 23;16(2):2641-62. PMID: 25625517.

® Enzymes that promote protein degradation by the proteasome can function as tumor
suppressors.

®m Pharmacologic proteasome inhibitors are approved for the treatment of multiple myeloma
and other blood cancers.

m Genes that regulate cellular differentiation often are mutated in hematologic cancers.
®m DNA repair pathways contain many tumor suppressor genes that are mutated in both
familial and sporadic cancers.

®m Mutations that disable different DNA repair pathways are associated with specific cancer
syndromes.

MULTISTEP TUMORIGENESIS

The development of fully malignant cancers requires many independent events. Although the
specific mutations that cause human cancers vary greatly between types of cancers and
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individuals, the broad consequences of these mutations are abnormal phenotypes that are
shared by most cancers. Hanahan and Weinberg have proposed six “hallmarks of cancer” that
they define as “distinctive and complementary capabilities that enable tumor growth and
metastatic dissemination” (see Fig. 2-23).17717® These include sustained proliferative signaling,
evading growth suppressors, resisting cell death, enabling replicative immortality, inducing
angiogenesis, and activating invasion and metastasis. These capabilities can be acquired in
different sequences, and, in some cases, a single genetic mutation might provide more than
one capability. This conceptualization provides an important framework within which to consider
multistep carcinogenesis.

The first three of these “acquired capabilities” involve mutations within the mitogenic
signaling, cell cycle, and cell-death pathways that have been previously outlined. The fourth
category involves the acquisition of cellular immortality in tumors. Normal cells are limited in the
number of times that they can divide, even when they are provided with all of the normal
mitogenic stimuli required for cell division. In contrast, many cancer cells have apparently
limitless potential to divide. One fundamental mechanism that limits human cell division involves
the ends of chromosomes, which are called “telomeres.” Telomeres normally protect the ends
of chromosomes, and they shorten with each cell division. Thus, the length of a cell's telomeres
reflects the number of divisions it has undergone. Eventually the telomeres are shortened to a
point at which they can no longer protect the chromosome ends; this leads to a condition
termed “crisis” and, ultimately, to cell death. Unlike normal cells, cancer cells maintain their
telomere length during cell division. This usually results from expression of the enzyme
telomerase that adds DNA back to the telomere. Telomerase activity can be detected in 85 to
90% of cancers, and the remaining tumors maintain their telomeres through a mechanism
involving recombination.
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Fig. 2-22 Mitotic checkpoint signaling.

(A) Unattached kinetochores are the signal generators of the mitotic checkpoint. They recruit mitotic checkpoint proteins,
including Mad1, Mad2, BubRlI, and Bub3, and convert them into inhibitors of APCCdc20. (B) Once all kinetochores have made
productive attachments to spindle microtubules, production of the APCCdc20 inhibitors is silenced.



Reprinted from Cancer Cell, Volume 8(1). Weaver BAA, Cleveland DW., Decoding the links between mitosis, cancer, and
chemotherapy: The mitotic checkpoint, adaptation, and cell death. Pages 7-12, copyright 2005 with permission from Elsevier.

The fifth capability of induced angiogenesis reflects the fact that tumors often outgrow their
blood supply and must actively recruit vasculature to grow. In normal tissues, the development
of new blood vessels is highly regulated by both positive and negative signals. Tumor cells
promote angiogenesis by upregulating the pathways that promote blood vessel formation (e.g.,
increased expression of growth factors such as vascular endothelial and fibroblast growth
factors) and by reducing the activity of inhibitory pathways. Some of these pathways involve
transcriptional networks under the control of previously discussed genes, such as VHL
mutations in renal cell carcinoma. The importance of these pathways in tumor cell growth has
prompted the development of drugs that target angiogenesis.

The last of the six hallmarks is tissue invasion and metastasis, which is critically important
because metastasis accounts for most cancer fatalities. Specific gene products are associated
with the ability of tumor cells to metastasize to different organ sites. Other tissue types, such
as stroma and tumor-associated cell populations, also contribute to metastasis. Elegant animal
models of metastasis, as well as transcriptional profiling of human cancers, are revealing that
metastasis includes alterations in genes involved in processes such as cell adhesion, integrin
signaling, growth factors, chemokine signal transduction, and extracellular proteolysis.

In addition to these six hallmarks, Hanahan and Weinberg outline two emerging hallmarks
and two enabling characteristics that make it possible for tumor cells to acquire the core
hallmarks. The two emerging hallmarks are deregulating cellular energetics and avoiding
immune destruction. The concept that tumor cells reprogram their glucose metabolism toward
glycolysis, even in the presence of oxygen, was first noted more than 50 years ago. However,
more recently, there has been an explosion of research into the significance and mechanisms of
aerobic glycolysis in cancer, also known as the “Warburg effect.”®® It is clear that metabolic
reprogramming has critical roles in cancer cell growth and division.'”® The second emerging
hallmark reflects the role of the immune system in controlling cancers and the molecular
changes in cancer cells that allow them to evade immune destruction. Although discussion of
immunotherapies is beyond the scope of this chapter, they are a key component of current
therapy for cancer in many organ sites and are discussed in many disease-specific chapters
later in this book.

The two “enabling characteristics” are properties of cancer cells that facilitate the acquisition
of the hallmarks. The first of these characteristics is genomic instability, which drives the
acquisition of the multiple mutations required for multistep tumorigenesis. The second enabling
characteristic is “tumor-promoting inflammation,” which reflects the rapidly advancing concept
that inflammatory responses can actually facilitate tumor initiation and progression. One
important aspect of the “hallmark/enabling characteristics” conceptualization is that it also
provides a framework for understanding the development of mechanism-based targeted
therapies, which target both hallmarks and enabling characteristics. Examples of such therapies
include angiogenesis inhibitors and immune checkpoint inhibitors, as previously discussed.

m Checkpoints ensure the fidelity of cell division and protect against genomic instability.



® Many tumor suppressor genes and DNA repair proteins are intimately associated with
checkpoint pathways.

® The loss of checkpoint functions causes genomic instability and fosters the accumulation
of multiple mutations in cancer cells.

®m TP53is the most commonly mutated cancer gene, and it participates in diverse
checkpoint responses. The p53 protein senses cellular stress and signals to pathways
that regulate processes such as cell-cycle progression and apoptosis.

®m Tumorigenesis is a multistep process that requires the accumulation of multiple mutations.
All tumors share a number of hallmarks that contribute to their malignant phenotype, but
the specific molecular events that produce these phenotypes vary greatly among tumor
types and individuals.

INFECTIOUS AGENTS AS DRIVERS OF CANCER

Infectious agents contribute to the pathogenesis of approximately 15% of all cancers
worldwide, affecting more than 2 million people.®® Most of these are associated with chronic
viral infection. Examples of common cancers associated with chronic viral infection include
squamous cell carcinomas of the cervix, head and neck, and anus (HPV); Burkitt and other
types of lymphoma, nasopharyngeal carcinomas, and some stomach cancers (Epstein—Barr
virus [EBV]); and hepatocellular carcinoma (hepatitis B and C viruses). Other cancers
associated with viral agents include Kaposi sarcoma and Merkel cell carcinoma. Extensive
research has elucidated some of the molecular mechanisms used by infectious agents to drive
carcinogenesis. As previously noted, retroviruses can cause cancer through insertional
mutagenesis. Other cancer-causing viruses express proteins that interfere with the critical
cancer pathways, outlined elsewhere in this chapter. For example, the HPV EG6 protein
promotes degradation of the tumor suppressor p53, impacting the DNA damage and repair
response, while HPV E7 promotes degradation of the cell-cycle inhibitor Rb, driving cell growth,
division, and proliferation. Whereas EBV-associated lymphomas are characterized by a
translocation involving the MYC oncogene, EBV also promotes B-cell survival and
transformation via molecular mimicry, as EBV gene products mimic activated cell-surface
receptors and antiapoptotic proteins. Hepatitis B and C proteins promote expression of genes
associated with angiogenesis, enhanced cell motility, invasion, and metastasis. In fact, many
oncogenic viruses produce protein products that impact most of the hallmarks of cancer.'8!
Given that viral-associated cancers frequently subvert normal cellular processes, the study of
these cancers often yields insights into the biology of sporadic cancers. These insights include
the identification of new oncogenes or tumor suppressor genes, as well as an increased
understanding of more complex aspects of tumor biology (e.g., immune surveillance).

While viruses are most commonly associated with cancer, other pathogens also contribute to
carcinogenesis. Chronic infection with the intestinal bacteria Helicobacter pylori is associated
with some stomach cancers and low-grade lymphomas.*82 Similarly, hepatobiliary cancer, which
iIs much more common in southeast Asian populations, is associated with endemic infection with
liver flukes.*® While less is known about the molecular mechanisms driving these cancers,
chronic inflammation likely plays a major role.

Given the large number of human cancers associated with infections, there is much interest
in preventing and/or treating infection with the underlying pathogen with the ultimate goal of



cancer prevention. Examples include the use of an HPV vaccine to prevent squamous cell
carcinoma and universal vaccination against hepatitis B virus to decrease the incidence of
hepatocellular cancers.'®* Elimination of H. pylori may prevent gastric cancer and often induces
remission of gastric mucosa-associated lymphoid tissue (MALT) lymphomas.'8518 As more is
learned about the molecular mechanisms driving infection-related cancers, targeted agents that
specifically block the function of viral gene products will likely be developed. Finally, viral
proteins expressed by pathogen-associated cancers represent attractive targets for various
immunotherapeutics.

® |nfection-associated cancers represent a worldwide epidemic affecting more than 2
million people per year.

m |nfectious agents frequently subvert molecular processes related to the hallmarks of
cancer, including checkpoints, proliferation, apoptosis, and immune surveillance.

®m The study of infection-associated cancers gives insights into the molecular basis of
sporadic cancers.
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Fig. 2-23 The hallmarks of cancer.

Hanahan and Weinberg describe ten acquired capabilities necessary for tumor growth and progression (inner circle of text).
Therapeutic strategies aimed at counteracting each specific hallmark are indicated. Drugs that interfere with these hallmarks
have been developed and are in clinical trials, or in some cases, they have been approved for clinical use in treating certain forms
of human cancer. The drugs illustrated are examples of the deep pipeline of candidate drugs with different molecular targets and
modes of action in development for most of these hallmarks.

Reprinted from Cell, Volume 144(5). Hanahan D, Weinberg RA. Hallmarks of Cancer: The Next Generation. Pages 646—674,
copyright 2011. With permission from Elsevier. PMID: 21376230.

ONCOGENOMICS AND PRECISION ONCOLOGY

A plethora of studies employing NGS to study cancer genomes have radically altered our
understanding of the genomic landscape of cancers and demonstrated the immediate effect of
genome-scale analyses on clinical oncology. Many of these studies used integrative
approaches that incorporate various types of large-scale data to discover mutations in
oncogenes and cancer pathways at an unprecedented rate. This is a rapidly evolving field. A
few examples are briefly described in this section to illustrate the power and importance of
these approaches.

Although most current approaches to cancer genomics incorporate NGS, different strategies
are used to achieve different goals. For example, when sequencing is limited to either known
oncogenes or coding sequences (exomes, which comprise only 5% of the total DNA), many
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tumors can be analyzed; this allows highly powered studies of genes and pathways that are
targeted by mutations in cancers. Limited-sequencing approaches also rapidly characterize
tumor genomes within time frames that allow treatment decisions to be made based on the
presence of specific mutations; this quick turnaround is critical to the success of targeted
therapies, which are often indicated only in genetically-defined subgroups of patients. In
contrast, whole-genome sequencing reveals genetic alterations in regions of DNA that cannot
be assessed by limited approaches and may provide entirely novel insights into the types of
mutations that drive carcinogenesis. However, whole-genome approaches are more difficult to
apply to large numbers of tumors, at least for the time being.

A comprehensive analysis of the explosion of cancer genomics studies enabled by NGS is
beyond the scope of this chapter, but the following are some examples that highlight the power
and importance of these approaches. Two examples of early studies described an integrative
approach that included sequencing of protein coding regions, SNP-based array analyses of
DNA copy number, and RNA-Seq to develop global views of the genes and pathways that are
mutated in pancreatic cancers and glioblastomas.'®”18 The use of these combined methods
helped distinguish mutations that likely played a causal role in tumorigenesis (driver mutations)
from mutations that may be irrelevant (passenger mutations). Importantly, Parsons et al.'®’
found that the isocitrate dehydrogenase (IDH) gene, previously unrecognized as an oncogene,
was mutated in 12% of glioblastomas. IDH1 and IDH2 mutations have subsequently been found
in other cancers, including acute myelogenous leukemia (AML) and chondrosarcoma.
Importantly, [IDH1/2 mutant proteins cause epigenetic dysregulation and DNA
hypermethylation'®® and pharmacologic IDHL1 inhibitors are already demonstrating efficacy in
numerous clinical trials.

Dozens of large-scale cancer genomics studies, many of which have been coordinated by
The Cancer Genome Atlas (TCGA; a consortium sponsored by the National Institutes of
Health), have identified the molecular features of most common and many uncommon cancer
types.t*® Although the data included in these remarkable publications varies among studies, the
molecular features that have been cataloged include whole-exome sequencing, RNA-Seq/RNA
expression, copy-number variants, DNA methylation, miRNA expression, and protein analysis.
These studies have provided unprecedented insights into cancer biology and revealed many
new targets for therapeutic interventions. One common theme that has emerged is that
although specific organ sites exhibit unique mutational spectra, other pathways are mutated in
many, or most, types of cancer.'?0.191.192 Some studies have applied whole-genome sequencing
to study specific cancer types, such as a TCGA analysis of adult AMLs. That work revealed
that AMLs contain fewer mutations than other adult cancers, with an average of 13 mutations
per sample, only 5 of which involve recurrently mutated genes.'°3

EMERGING CONCEPTS ON TUMOR HETEROGENEITY AND EVOLUTION

While initial studies from TCGA and other consortia were aimed at cataloging gene mutations
and other changes in primary tumors from a wide range of organ and tissue types, more recent
efforts have included multiple biopsies from the same tumor, concurrent biopsies of primary and
matched metastatic lesions, or multiple biopsies over time. These data allow comprehensive
studies of genetic heterogeneity within a single tumor, as well as the dynamic process of tumor
evolution at various stages of disease and its treatment.'%419 |t is now apparent that tumors
may exhibit heterogeneous cell populations with distinct genetic changes at their earliest
stages'®® and that the idea of a linear progression of tumor evolution is overly simplistic. In one



seminal example, analysis of separate regions within a single primary renal cell carcinoma
(RCC) revealed marked genetic heterogeneity.'°¢ While such “sampling error” has important
implications for the selection of therapies based on the presence of “targetable” mutations in a
single biopsy specimen, it also informs our understanding of tumor evolution. For example, this
study found that inactivation of the tumor suppressor VHL was the only pathogenic genetic
change present in every tumor biopsy sample taken from a presumably homogenous single
RCC lesion. All other frequently mutated genes exhibited multiple and distinct mutations within
different areas of the tumor. This suggests a model in which the heterogeneous landscape of
primary tumors serves as the substrate for subsequent tumor evolution, during which time
specific clones are enriched or lost as tumors grow, invade, and metastasize.

Molecular comparisons of metastatic lesions with their antecedent primary tumors reveals a
similarly complex picture of tumor evolution, including the maintenance and/or enrichment of
“founder” mutations and new mutations unique to the metastatic lesion.*”%¢ Indeed, discrete
metastases can have markedly different genetic profiles. Together, these types of studies are
revealing complex models of tumor evolution, such as parallel evolution, in which subclones
within a single tumor may evolve independently of each other, and convergent evolution, in
which unique clonal populations develop molecularly distinct but functionally equivalent
alterations in common cancer pathways.'®> It should be noted that many studies of tumor
evolution are based on exome or genome sequencing only; thus, other molecular events, such
as copy-number variation, epigenetic effects, and proteomic changes, are less well understood.
Finally, large-scale genetic change, such as chromosomal instability or chromothripsis (which
refers to extensive DNA rearrangements that cluster in specific genomic regions), are
commonly seen in both primary and metastatic tumors. Whether these changes are a cause or
a consequence of tumor evolution remains controversial, but there is much interest in targeting
these processes in the clinic.199-201

While understanding the heterogeneity and evolution of a patient’s tumor could greatly impact
therapeutic decisions, serial tumor sampling via invasive biopsy techniques is generally neither
feasible nor favored by patients. The emerging field of “liquid biopsy,” in which circulating tumor
cells or circulating tumor DNA can be isolated from routine blood draws, allows serial tumor
sampling in cancer patients across the spectrum, from diagnosis, treatment, and surveillance.?°2
At diagnosis, liquid biopsies may simplify the search for targetable mutations, especially when
primary biopsy specimens are limited or uninformative. Because liquid biopsies allow analysis of
tumor evolution in real time, they can also serve as adjuncts to standard assessments of tumor
response and progression after therapy has begun. For example, Siravegna et al. used serial
sampling of circulating tumor DNA from patients with KRAS wild-type colorectal cancer to
investigate mechanisms of resistance to cetuximab.2°® This analysis showed evidence of KRAS
mutated subclones that were enriched after prolonged cetuximab therapy. Notably, cetuximab
withdrawal led to resensitization of the tumor to this agent. As the field develops, liquid biopsies
are likely to become commonplace, and they should provide new insights into molecular
mechanisms of chemoresistance and allow prioritization of targeted therapies based on new or
evolving genetic profiles. Finally, liquid biopsy is likely to be integrated into tumor screening in
asymptomatic individuals and as surveillance for recurrence following therapy, given its superior
sensitivity as compared to available methods.204.205

MOUSE MODELS OF HUMAN CANCER
Genetic techniques developed throughout the past two decades now make it possible to create



mouse models that mimic sporadic human cancers with increasing fidelity. The first generation
of genetically engineered mouse models involved expressing oncogenes from transgenes (that
were injected into oocytes) or making “knockout” strains in which genes were inactivated by
homologous recombination in mouse embryonic stem cells.?°® Hundreds of genes have been
studied with these techniques, which led to important advances in understanding gene functions
in development and tumorigenesis. In fact, these methods are still in wide use today. However,
these strategies affect gene expression early in development and, in the case of knockouts,
affect every cell. These characteristics limit the ability of these mouse models to replicate
human cancers, which sequentially acquire rare mutations in somatic cells. Moreover, many
cancer genes are lethal when disrupted in the mouse germline or lead to rapidly developing
neoplasms in one tissue that preclude studies of slower-growing cancers. More recent mouse
genetic engineering strategies circumvent these problems by allowing mutations to be
introduced in tissue-specific and temporally controlled manners, and these have led to mouse
models that much more closely resemble human cancers.?°72%¢ Similar to the studies in human
cells previously alluded to, the use of CRISPR/Cas9 gene-editing systems to produce mouse
strains with engineered oncogenic mutations is also revolutionizing the development of murine
cancer models, particular in allowing the rapid development of mice with multiple mutations.2%°

In addition to murine cancers, sophisticated xenografting methods, in which human cells are
grown in murine hosts, are having a major effect on cancer biology research and are already
beginning to be used to help guide treatment decisions. Patient-derived xenografts (PDXs) are
human tumor explants that are directly grown in immunocompetent mice, which is a much more
physiologic approach than establishing tumor cell lines in vitro. PDXs can be readily subjected
to sequencing and screening approaches that seek to identify therapeutic vulnerabilities.
Moreover, PDX-bearing “avatar” mice can be treated with chemotherapy combinations, with the
goal of determining the most effective therapy for the patient from whom the PDX was
derived.?0

®m Next-generation sequencing is revealing transformative and comprehensive insights into
cancer genomics.

®m These technologies may allow personalized and targeted cancer therapy strategies
based on specific mutations detected in a patient’s tumor cells.

m Serial tumor biopsy reveals marked tumor heterogeneity and gives insights into tumor
evolution that affect the selection of cancer therapies.

®m Gene targeting and transgenic methods are used to create murine models that mimic the
genetic mutations found in human cancers. These models are invaluable for understanding
the mechanisms underlying tumorigenesis and are used to determine the role of specific
mutations in multistep tumorigenesis.
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CLINICAL PHARMACOLOGY

Alex A. Adjei, MD, PhD

Recent Updates

» In a shift from tissue-based to plasma-based genomic analysis, the FDA approved a mutation test using plasma
specimens as a companion diagnostic test for the detection of exon 19 deletions or exon 21 (L858R) substitution
mutations in the epidermal growth factor receptor (EGFR) gene to identify patients with metastatic non-small cell lung
cancer (NSCLC) eligible for treatment with erlotinib. (www.fda.gov, June 2016)

» The U.S. Food and Drug Administration (FDA) modified the indications for erlotinib for treatment of NSCLC to limit use to
patients whose tumors have EGFR exon 19 deletions or exon 21 L858R substitution mutations as detected by an FDA-
approved test. (www.fda.gov, October 2016)

OVERVIEW

Medical oncologists are responsible for administering anticancer therapies to patients with
malignancies. Many of these drugs exhibit a narrow therapeutic window, meaning the difference
between the toxic dose and the therapeutic dose is small. Traditionally, researchers have
developed antineoplastic agents to be delivered at the maximum doses to optimize their
anticancer activity. However, the focus of drug development has shifted away from
antineoplastic therapies that target DNA and toward molecules that target a specific “molecular
target,” often a protein regulating cell growth, cancer progression, or inhibition of apoptosis.
These classes of drugs are commonly referred to as “targeted cancer therapies.” Regardless
of the agent, drug dosing requires a balance between the anticancer benefit and the known
toxic effects these agents have on normal organs. The current era of genomic medicine has
resulted in the development of drugs that target actionable somatic genetic derangements in
tumors, at times leading to dramatic tumor shrinkage. This has led to a diminished focus on
what the patient’s body does to the drug, as well as what the drug does to normal organs. The
purpose of this chapter is to address this gap by reviewing the fundamental principles of clinical
pharmacology as they relate to the practice of oncology.

PRINCIPLES OF CHEMOTHERAPY

Cytotoxic chemotherapy has been a relative success story. Cancers such as Hodgkin disease,
non-Hodgkin lymphomas, testicular cancer, germ cell tumors, leukemia, Wilms tumors,
retinoblastomas, and others can be cured through the effective delivery of cytotoxic
chemotherapy. The objective of cancer chemotherapy is to reduce the tumor cell population to
zero.


http://www.fda.gov/
http://www.fda.gov/

Three basic principles underlie the use of systemic chemotherapy, which generally comprises
a combination of agents delivered cyclically at the highest tolerable dose. First, the fractional
cell kill hypothesis states that a constant fraction of tumor cells is killed per cycle of
chemotherapy, regardless of total body burden. For example, if a drug kills 99% of tumor cells

per cycle of treatment, the tumor burden of 10 cells will be reduced to approximately 10 cells

after five cycles of therapy [10Y x 0.01° < 10]. Second, neoplastic tumors are assumed to
have a “steep” dose-response curve, with a linear relationship between dose of drug
administered and efficacy. Thus, the highest possible dose of drugs is administered at the
shortest possible time intervals. Third, the Goldie—Coldman hypothesis suggests that tumors

acquire a spontaneous mutation that confers drug resistance in about one cell out of 10° cells.
At the time of detection, with current imaging, most tumors are at least 1 gram or more in size,

containing 10° cells, and consequently contain about 10* clones that are resistant to a given

drug. Resistance to two drugs, however, should be seen in one cell out of 1019, It, therefore,
follows that multidrug therapy will be more effective than single-agent therapy.

In addition to overcoming tumor resistance, combination therapy is important in limiting drug
toxicity, since several agents with nonoverlapping toxicities can be utilized. One of the first
curative regimens for a solid tumor (testicular cancer) comprised bleomycin/vinblastine/cisplatin;
three agents with differing mechanisms of action and nonoverlapping toxicities.

Cytotoxic chemotherapy agents are administered in the adjuvant, neoadjuvant, and combined
modality and metastatic settings. Adjuvant cytotoxic chemotherapy is now the standard for
breast, colorectal, ovarian, and lung cancers. In these cases, chemotherapy delivered after
resection of the primary cancer can suppress or even eliminate the growth of occult cancer
cells that have already metastasized, ultimately leading to cures.

Additionally, chemotherapy sometimes is used in combination with radiation therapy.
Combined-modality approaches (chemotherapy and radiation together) are used to shrink the
tumor in many diseases to permit surgery, to control systemic disease, or both. Chemotherapy
combined with radiation therapy is also sometimes used for curative intent in, for example, lung,
esophageal, anal, and head and neck cancers. Chemotherapy alone may also be used to
reduce the tumor burden prior to surgery in some tumors, such as breast, bladder, and lung
cancers. Chemotherapy utilized in this fashion is termed “neoadjuvant therapy.” It must be noted
that, in general, neoadjuvant therapy has not been shown to improve survival compared with
adjuvant therapy.

Despite advances in the optimization of current cancer chemotherapy for patients with
malignancies such as lymphoma and testicular cancer, classic anticancer agents that target
DNA have not led to cures in most solid tumors. For example, combination chemotherapy
delivered to patients with metastatic disease (e.g., metastatic breast cancer) confers little or no
survival advantage compared with sequential chemotherapy. In these settings, sequential
single-agent chemotherapy, with or without a biologically targeted agent, is a commonly
accepted approach to treatment. This is in part because, in the metastatic setting, the balance
between toxicity and efficacy is particularly important, as these patients are likely to exhibit
decreases in end-organ function resulting in alterations in metabolism.*

®m Combination chemotherapy remains an important component of a majority of cancer



therapy regimens in the adjuvant and metastatic settings.

PHARMACOKINETICS

Pharmacokinetics is the relationship between time and plasma concentration following drug
administration; it has been best described as “what the body does to the drug.” An
understanding of the pharmacokinetics of a chemotherapy drug is critical to the optimal
administration of that drug. The assessment of pharmacokinetics is an objective of most early-
phase clinical trials.

From these studies, clinicians learn critical information such as:

®m The range of tolerable doses,
®m The relationship between drug dose and systemic exposure, and

m Differences among individuals between drug dose and systemic exposure.

The study of pharmacokinetics is classically divided into four elements: absorption,
distribution, metabolism, and excretion. Absorption is defined as 100% when agents are
administered through an intravenous route but varies when other routes of administration are
used. The choice of drug administration route is based primarily on pharmacokinetic
assessment of bioavailability—the ability of the drug to reach its target in an active form—and
the formulation of an acceptable dose preparation for oral (PO), intravenous (1V), intramuscular
(IM), intrathecal, or subcutaneous (SC) use. Classically, oncologic drugs have been developed
using the IV route, particularly for water-soluble compounds, because complete absorption is
guaranteed. Another reason for the development of IV oncology drugs in the past was the lack
of reimbursement for oral oncology drugs, particularly those without a parenteral equivalent.
The method of administration also is highly dependent on the ability to formulate a compound
into a satisfactory pharmacologic product that can be administered by the route of choice.
Several common agents (e.g., paclitaxel) are poorly soluble and must be mixed in solvents,
such as Cremophor EL, a proprietary castor oil and polyethylene glycol ether emulsifier. These
solvents can have their own toxic effects, as seen with the Cremophor-induced hypersensitivity
reaction observed with paclitaxel administration. With current technology, a number of new
formulations that reduce toxicity have been introduced. Nanoparticle albumin-bound paclitaxel is
not dissolved in Cremophor; therefore, hypersensitivity is not an issue.

Bioavailability is the fraction of an administered dose of unchanged drug that reaches the
systemic circulation. By definition, when a medication is administered intravenously, its
bioavailability is 100%. (Similar calculations can be made for intramuscular or subcutaneous
dosing compared with intravenous dosing.) Bioavailability has become more important as more
cytotoxic chemotherapy agents (e.g., capecitabine), as well as biologic agents, are developed
for oral dosing. The oral route has the advantage of achieving a more prolonged exposure,
thereby providing coverage throughout the cell cycle when toxicity allows. In addition, oral route
drug delivery allows more flexible scheduling than parenteral delivery. Agents with a high first-
pass metabolism will, by nature, have poor oral bioavailability. Alterations in gastrointestinal
tract absorptive capacity can alter oral bioavailability as well. Previous surgery, concomitant
medications, malabsorption from other causes, and changes in motility—particularly with
supportive care agents such as opiates—may alter absorption of an oral chemotherapy agent.
Finally, the ingestion of drugs in either a fasting or fed state can dramatically affect drug
exposure. Therefore, when considering the oral administration of drugs, it is necessary to



account for these possible variations.

Distribution identifies what happens to a drug after its administration. Typically, drugs are
distributed from the plasma into extracellular and intracellular fluids. The distribution phase of
pharmacokinetics may be the most complicated. In the simple two-compartment model, a drug
is administered to the patient and enters the plasma compartment, followed by a distribution
and redistribution of the compound to the peripheral compartment. The drug concentration in
this peripheral compartment is the critical value because this is where the drug—tumor
interaction will occur. It is important to recognize that drug concentration in the peripheral
compartment is rarely measured in clinical trials and therefore is unknown for virtually all agents
used today. The degree to which drugs distribute to the peripheral compartment alters their
terminal half-life—the time required to clear 50% of an administered drug. Half-life depends on
the volume of distribution (V4) and clearance (CL). Drugs that are more highly distributed to the

peripheral compartment will have a longer terminal half-life.?2 This fact has important clinical
ramifications for drugs such as methotrexate, which is the classic example of a drug distributing
to the third space, such as pleural effusions or ascites. This scenario can lead to substantial
and prolonged methotrexate-induced toxicity.

The greatest increase in research and subsequent understanding during the past several
decades has occurred in the study of metabolism of therapeutic agents (Table 3-1). In addition,
cellular models have been developed that enable clinicians to define the metabolic pathways for
many important chemotherapy agents. Hepatic enzymes responsible for phase | (oxidation,
reduction, and hydrolysis) and phase Il (conjugation) reactions prepare agents for their
excretion by the liver or by the kidney. Hepatic and renal functions are critical to the excretion of
most cytotoxic chemotherapy agents. When choosing dosages for patients with cancer,
clinicians have typically relied on hepatic enzyme function and serum creatinine levels as the
primary means to assess end-organ function. However, other factors, such as age, sex, diet,
and drug—drug interactions, can lead to clinically important variability in drug effect. For some
drugs, genetic variation in genes that encode enzymes responsible for drug metabolism may
substantially alter pharmacokinetics and thus drug effect.



Table 3-1 Selected Drug-Metabolizing Enzymes of

Importance in Oncology

Reaction Substrates Polymorphic* |
Phase | Reactions
' Cytochrome P450
 oPiat | Benzo(a)pyrene x
CYP1A2 | Theophyliine, caffeine =
CYP286 | Opclophosphamide | =
~ cwacs Pacitasel o :
CYP2C9 ' Phenytoin, warfarin =
CYP2C19 | Dmepmuladiizepam s
| Tamofen, codeine, |
CYP2DE Eranisetron, many =
| antidepressants
CIP2E1 | Ethanol ' .
Eﬁ&ﬁide. ifosfamide, &
docetaxel, irinotecan,
bortezomib, imatinib,
flutarnide, exemestane,
GRS lapatinib, sunitinib,
sorafenib, vemurafenib,
temsiroBmus, nilotinib
vinca alkaloids
Ketoreductase | Anthmcyclines
:‘;:m:mm | Adophosphamidet
: Carboxylesterases m =
g;mrmim Augrouracil ®
g::m; . Cytarabine, gemcitabine ®
Phase |l Reactions
[T
NAT2 | Isoniazid x
Glucuronidation |
et | sn-3st x
Marphine, epinbicin,
Da2E] tamr:hodien r:pﬂabdiies E
etyonseases

*Known genetic variants that influence enzyme acthity.
tA cyclophosphamide metabolite.
$Active metabolite of idnotecan.

With the advent of oral drugs targeting specific proteins in cancer, the effect of food on drug
absorption and metabolic drug interactions have become increasingly important.® Typically, in
early-phase clinical trials most oral anticancer drugs are administered on an empty stomach.
Only a few agents undergo a formal food-effect study. The result is that the effect of food is
sometimes identified only after the drug is in clinical use. For example, concomitant food intake
can increase the systemic exposure of erlotinib, as measured by the area under the curve
(AUC), by 34 to 66%, nilotinib by 82%, and lapatinib by up to 167%. Conversely, food can
reduce the AUC of afatinib by 39%. A number of oral agents are relatively insoluble at alkaline
pH, thus their absorption is reduced when concomitant acid-reducing agents such as proton-
pump inhibitors are coadministered. These agents, such as erlotinib, should be administered at
least 8 hours after ingestion of a potent acid-reducing agent in order to allow for recovery of



gastric acidity. An alternative is to utilize other agents, such as sucralfate, that do not affect
gastric acidity directly.

The cytochrome P450 family enzyme system is the major catalyst of oxidative
biotransformation reactions, which convert lipophilic drugs to hydrophilic forms for easy
elimination. The CYP3A4 isoform is the most important with regard to metabolism of anticancer
agents. A number of widely used agents, such as imatinib, sorafenib, sunitinib, vemurafenib,
temsirolimus, and nilotinib, are substrates (Table 3-1). Coadministration of these drugs with
strong inducers such as phenytoin and phenobarbital or strong inhibitors such as ketoconazole
and grapefruit juice can affect drug levels, leading to decreased efficacy or increased toxicity. A
complete listing of substrates, inhibitors, and inducers of the CYPP450 enzymes can be found
on the U.S. Food and Drug Administration (FDA) website (www.fda.gov).

EXCRETION

There are two major routes of excretion: the kidneys and the biliary tract. Traditionally,
chemotherapy agents were and generally still are administered using body-surface area
(BSA)—adjusted doses. This method of dosing was adopted on the basis of the determination
that physiologic processes such as basal metabolic rate, blood volume, and drug clearance
were better correlated across animal species when BSA is utilized rather than body weight.
Thus, use of BSA allowed the determination of phase | starting doses from an extrapolation of
preclinical animal studies.* Although this method of dosing in humans was assumed to reduce
the interpatient variability of drug exposure and thus drug effects, the interspecies correlation of
BSA with clearance and other physiologic processes is not necessarily translatable to
intraspecies correlation. BSA dosing has been shown to be associated with high
pharmacokinetic variability and is a poor indicator of drug exposure. For example, Baker and
colleagues reviewed 33 investigational agents and found that BSA-based dosing reduced
interpatient variability for only 5 (15%) agents. Interestingly, the reduction in clearance
variability was between 15% and 35%, indicating that only one-third of the clearance variability
was attributable to BSA.®> Despite these deficiencies, BSA-based dosing continues to be used
for most cytotoxic agents. However, for some agents, such as carboplatin, several methods
have been proposed for calculating drug doses considering the AUC and its subsequent
hematologic toxicity and also the direct relationship between glomerular filtration and
carboplatin clearance. However, this approach has been criticized because the calculated
creatinine clearance methods, which are based on random serum creatinine measurements,
are not accurate. Thus, the glomerular filtration rate (GFR) used to calculate the carboplatin
dose is inaccurate.

Inulin clearance is widely regarded as the gold standard for measuring GFR. The classic
method of inulin clearance requires an intravenous infusion and timed urine collections, making it
cumbersome. As a result, a number of alternative measures for estimating GFR have been
devised. The most frequently used estimation for GFR in adults is the Cockcroft—Gault
eqguation, which was developed for estimating creatinine clearance; its prediction of GFR has
been tested widely.®” Another equation for estimation of creatinine clearance, by Jelliffe, has
been used extensively.® The Modification of Diet in Renal Disease equation provides estimates
of GFR standardized for BSA.® The abbreviated version is easy to implement, since it requires
only serum creatinine, age, sex, and race. However, no single formula for estimating GFR has
been deemed accurate for carboplatin dosing to achieve an optimal therapeutic index. This is
because in the past, multiple assays were used to measure serum creatinine, resulting in
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considerable interlaboratory variability in the reporting of creatinine values. In 2006, in an effort
to standardize serum creatinine reporting across North America, the National Kidney Disease
Education Program published recommendations to recalibrate serum creatinine assays to an
isotope dilution mass spectrometry (IDMS) traceable reference method. This method has been
in worldwide use since 2011. For some patients with normal renal function, the new
standardized IDMS method produces creatinine values that are on average 10 to 20% lower
than older, non-IDMS values. Therefore, for patients with relatively low serum creatinine, the
IDMS method generates abnormally low values, leading to an overestimation of creatinine
clearance and consequently higher calculated carboplatin doses, which could result in significant
toxicity. To avoid such potential toxicity, the FDA recommends capping the carboplatin dose for
a desired AUC. The maximum dose is based on a GFR estimate that is capped at 125 mL/min
for patients with normal renal function.

The clearance of an agent is an important aspect of accurate drug dosing. Clearance can be
calculated as the dose divided by the AUC or the dose rate divided by concentration at steady
state. Few clinicians memorize the values of clearance for agents, but it is necessary to be
aware of the variability in clearance. Most of the compounds used have a variation in clearance
of approximately 20 to 40%, although some agents have high variability (75 to 100%). Some of
the important factors affecting variability in clearance include changes in end-organ function,
drug—drug interactions, and genetic variation leading to alterations in enzymes, which activate
or clear a particular drug.

Variability in the metabolic or excretory organs because of dysfunction or the concomitant
administration of medications that affect enzyme function is common and must be recognized.
Many agents are highly protein-bound, and variability in the amount and function of proteins
involved in drug metabolism will influence clearance. Many agents currently used in clinical
practice must be adjusted for either renal or hepatic dysfunction (Table 3-2). Additional
variables that affect excretion include enterohepatic circulation, wherein, after biliary excretion,
reabsorption of either the parent drug or its metabolites may take place in the small intestine.

Genetic polymorphisms that lead to a reduction or an increase in the function of enzymes
involved in the uptake, metabolism, and distribution of drugs can account for a substantial
portion of the variability in drug response phenotypes (toxicity and clinical response). Lastly, it is
important to know which drugs form active metabolites (Table 3-3). Many agents are
metabolized into active forms. These include antimetabolites such as 5-fluorouracil (5-FU),
pemetrexed, and gemcitabine. Others are prodrugs, in which the parent compound is
essentially inactive. Metabolic enzymes convert these compounds to the active moiety. These
include irinotecan (activated to SN38), cyclophosphamide (phosphoramide mustard), tamoxifen
(endoxifen), temsirolimus (rapamycin), and temozolomide (MTIC). An important noncytotoxic
prodrug that is used widely in oncology is codeine (3-methylmorphine), which is metabolized by
CYP2D6 to morphine.



Table 3-2 Drugs Requiring Dose Modification for

Organ Dysfunction

Glomerular
Renal Filtration Rate of
Liver Dysfunction | Insufficiency Less than 25%
Cyclophosphamide Bisphosphonates Bleomycin
m%&ﬁ:;:dn :E:;z:m Cyclophosphamide
Docetaxel Cisplatin Daunomubicin
Doxorubicin Etoposide Epirubicin
Epirubicin Fludarabine Idarubicin
Etoposide Hydroxyurea Ifosfamide
Fluorouracil i Mercaptopurine
Pemetrexed

Gemcitabine Pentostatin Streptozocin
Ifosfamide Topotecan
Iinotecan
Paclitaxel
Thiotepa
Vinblastine
Vincristine
Vindesine
Vinorelbine

Modified from Hendrayana T, Wilmer A, Kurth V, Schmidt-Wolf IG, Jaehde U. Anticancer
dose adjustment for patients with renal and hepatic dysfunction: from scientific
evidence to clinical application. Sci Pharm. 2017;85:8. doi:10.3390/

scipharm85010008.




Table 3-3 Examples of Oncology Drugs with Active

Circulating Metabolites

Chemotherapy Drugs Other Oncology Drugs

Alkalating Agents Analgesics
Cyclophosphamide Morphine
Ifosfamide Codeine
Procarbazine Hydrocodone
Dacarbazine Protein Kinase Inhibitors
Temozolomide Imatinib
Hexamethylmelamine Sunitinib
Thiotepa Sorafenib

" Anthracyclines Dasatinib

Doxorubicin Dabrafenib
Idarubicin Alectinib
Epirubicin Crizotinib

Camptothecins Imatinib

Iinotecan Sunitinib

Antimetabolites Sorafenib
T r, uracil, an i
ﬁf&m&ﬁué d i
Methotrexate Dabrafenib
6-Mercaptopurine

Antiestrogens
Toremifene
Tamoxifen

Retinoids
All-trans retinoic acid

Reprinted and adapted with permission from DeVita VT Jr, Hellman S, Rosenberg SA,
eds. Cancer: Principles and Practice of Oncology, 6th ed. Philadelphia, PA: Lippincott
Williams & Wilkins; 2001,

In summary, when choosing a drug and a dose, oncologists must consider factors known to
affect the activation and/or clearance of a given drug, including (1) route of administration,
recognizing factors that influence absorption (e.g., gastric motility, food effect, prior surgery);
(2) organ function; (3) drug—drug interactions; and (4) pharmacogenetics. Following
consideration of these factors, the clinician must then develop a plan for careful monitoring of
drug-response phenotypes, namely toxicity and response. Although classic toxicities, such as
myelosuppression, are not commonly seen with newer targeted therapies that do not directly
target DNA, substantial toxicity (e.g., trastuzumab- or sunitinib-induced cardiomyopathy) is not
rare, and therefore close observation is necessary.



TOXICITY OF SYSTEMIC THERAPIES
Cytotoxic Therapy

Most cytotoxic drugs target DNA or proteins that are commonly expressed by both malignant
and normal host tissues. Therefore, their therapeutic index—the ratio of efficacious
concentrations to toxic concentrations—are very narrow, leading to significant toxicity. Because
of their broad effects on DNA and associated synthetic proteins, there are several common
toxic effects of cytotoxics, in addition to unique effects based on specifics of their mechanisms
of cytotoxicity. Commonly seen toxicities with most cytotoxic drugs related to effects on rapidly
proliferating cells include alopecia, myelosuppression, mucositis, diarrhea, and fatigue. Nausea
and vomiting is also common. In addition, unique toxicities that need to be noted by oncologists
include cardiotoxicity with doxorubicin, pulmonary toxicity with bleomycin, renal toxicity with
cisplatin, and peripheral neuropathy with the antitubulin agents and platinum compounds.

Targeted Therapy

Recent basic science advances have led to the identification and elucidation of the mechanisms
of action of aberrant proteins that are differentially expressed in cancer cells compared to
normal cells, and these drive malignant transformation and maintenance of the malignant
phenotype. Targeting these cancer-specific aberrations with small-molecule inhibitors and
monoclonal antibodies started the era of “targeted therapies.” Because of the differential
expression or overexpression of these proteins in cancer cells, targeted therapies were
assumed to be relatively nontoxic. However, the incidence and severity of adverse events with
targeted therapy appears to be similar to those of standard cytotoxic agents. The major
difference is the various types of toxicity observed. Toxic effects of these agents can be divided
into “mechanism-based” effects related to inhibition of the target protein, such as hypertension
with angiogenesis inhibitors, skin rash with epidermal growth factor receptor (EGFR) inhibitors,
and hyperglycemia with phosphatidylinositol-3-kinase (PI3K) inhibitors. Other toxicities are
structurally based or “off-target” effects. As an example, ceritinib is an inhibitor of ALK kinase
with significant gastrointestinal (Gl) side effects of nausea, vomiting and abdominal pain, while
another anaplastic lymphoma kinase (ALK) inhibitor, alectinib, has minimal GI toxic effects.
Common toxicities of targeted agents are dermatologic, vascular, coagulation, endocrine,
ocular, and pulmonary (Fig. 3-1). Because of the continuous, prolonged administration of these
agents, such toxicities can be challenging to manage, and are exhaustively discussed in a
publication by Dy and Adjei.*®

Immunologic Agents

Immune checkpoint inhibitors of cytotoxic T-lymphocyte antigen 4 (CTLA-4), PD-1 (programmed
death 1), and programmed death ligand 1 (PDL-1) are having a significant impact on a number
of malignancies (see Chapter 4: Principles of Immuno-Oncology and Biologic Therapy). The
immune activation induced by these compounds have led to the advent of immune-related
adverse events, which can affect any organ in the body and, if not treated quickly, can lead to
death. These toxicities have included colitis, hepatitis, pneumonitis, pericarditis, hypophysitis,
uveitis, rash, and activation of infections such as tuberculosis.* Management involves cessation
of treatment and rapid institution of high-dose corticosteroids.

TREATMENT OF PATIENTS WITH TOXIC DRUG LEVELS



For some chemotherapy drugs, the drugs themselves may be intrinsically toxic to either the liver
or kidneys. In this case, toxic levels of the drug can build up, leading to prolonged and severe
side effects. Some drugs can be removed by dialysis. For other drugs, specific antidotes have
been developed. Leucovorin has been the standard treatment for reversing methotrexate
toxicity for several decades. Glucarpidase is another antidote to treat patients with toxic levels
of methotrexate in their blood, defined as levels exceeding 1 umol/L, as a result of reduced
clearance because of renal impairment. Glucarpidase, a recombinant form of the bacterial
enzyme carboxypeptidase G2, converts methotrexate into glutamate and 2,4-diamino-N(10)-
methylpteroic acid, which are inactive metabolites that can be eliminated from the body via
nonrenal pathways.!2

Clinicians need to be aware that leucovorin should not be administered within 2 hours before
or after a glucarpidase dose because leucovorin is a substrate for glucarpidase. Toxic levels of
5-FU can build up after an overdose or in patients with dihydropyrimidine dehydrogenase (DPD)
deficiency who receive full doses of 5-FU. This can lead to severe neutropenia, colitis cardiac
dysfunction, or encephalopathy. Uridine triacetate has been approved to treat patients after an
overdose of 5-FU or capecitabine or for patients exhibiting severe toxic effects within 96 hours
after the end of 5-FU or capecitabine administration. Uridine triacetate is an acetylated form of
uridine. Following PO administration, uridine triacetate is deacetylated by nonspecific esterases
present throughout the body, yielding uridine in the circulation.

A broad understanding of the metabolism of cytotoxic and biologic agents is necessary.
m Bioavailability is important when using oral chemotherapy agents.
®m Food can alter bioavailability and thus drug exposure.

® Drug—drug interactions are an important—but often unrecognized—factor influencing drug
effects.

PHARMACOGENOMICS

Pharmacogenetics has been defined as the study of variability in drug response because of
heredity. In this context, there are germline aberrations (occurring in host cells) in drug-
metabolizing pathways or drug targets that are inherited and can affect individual responses to
drugs, both in terms of therapeutic effect and adverse effects.'* More recently, the term
“pharmacogenetics” has been introduced. Although the former term is largely used in relation to
genes determining drug metabolism, the latter is a broader term that encompasses all genes in
the genome that may determine drug response.* These aberrations can therefore be somatic
(occurring in tumor) or germline. The distinction, however, is arbitrary, and the two terms can
be used interchangeably.
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Fig. 3-1 Toxicities of targeted anticancer agents.

Reprinted with permission from Dy GK, Adjei AA. Understanding, recognizing, and managing toxicities of targeted anticancer
therapies. CA Cancer J Clin. 2013;63:249-279. PMID: 23716430.

Much of this genetic variation is in the form of single-nucleotide polymorphisms (SNPS).
SNPs are defined as variants with population frequencies of 1% or greater, which can alter the
amino acid sequence of the encoded protein or alter RNA splicing, leading to altered kinetics
and catalysis of the protein.

Technologic advances enable rapid and accurate assessment of tumor gene expression and
deduced function, both at the level of individual genes and by global gene analysis. In the latter
case, massive parallel sequencing of the entire genome is now possible (see Chapter 2:
Molecular Biology). This type of research has been critical in identifying specific biologic
subsets of cancer that are more or less likely to relapse (prognostic) in the absence of
systemic treatment, as well as in identifying genes or gene patterns associated with response
(predictive for specific therapies or agents). For breast cancer, many gene expression array
tests are commercially available in which the expression patterns of a subset of genes
important in proliferation identify tumors that are associated with a higher risk of recurrence
(see Chapter 7: Breast Cancer).'> This same technology may identify a subset of tumors more
likely to benefit from chemotherapy.'6
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Mutations in genes that encode transmembrane receptor tyrosine kinases as well as proteins
involved in downstream signaling cascades are important for response to tyrosine kinase
inhibitors. For example, lung cancers that harbor mutations that activate the EGFR tyrosine
kinase domain lead to high response rates to the drugs gefitinib, erlotinib, and afatinib. Similar
situations exist for ALK gene rearrangements and response to crizotinib and ceritinib, as well
BRAF mutations and response of melanoma to vemurafenib and dabrafenib. Furthermore, in
the case of colorectal cancer, mutations in the important oncogene KRAS are predictive of lack
of response to the EGFR-inhibiting drugs panitumumab and cetuximab. In the latter example,
retrospective studies have demonstrated that monoclonal antibodies that target EGFR appear
to be effective only in tumors with wild-type KRAS.1”

In the specialty of oncology, clinicians must take into account all sources of genetic variation
that influence drug effects. This includes both somatic and germline genetic variations. The
following sections illustrate important examples in which genetic variation at the level of both the
tumor and the host leads to substantial changes in drug effect.

The promise of pharmacogenetics to individualize treatment according to gene sequence
variation is well illustrated in the treatment of patients with cancer. Administration of “standard”
doses of chemotherapy to patients with inherited deficiencies in enzymes responsible for their
metabolism and disposition can result in marked toxicity, which can be lethal. Conversely,
patients who have increased enzymatic activity may be at risk for treatment failure—also an
undesirable outcome when dealing with a potentially fatal illness. The traditional method by
which individualized anticancer drug doses are developed and determined has involved the use
of BSA measurements and weight-based dosing.'® However, multiple studies have indicated
that dosing in this manner does not reliably account for the variability in exposure to most
chemotherapeutic drugs.*®

Examples of the role of pharmacogenetics have been clearly illustrated with both cytotoxic
chemotherapy and targeted therapies, including the two endpoints most important to patients
with cancer: response and toxicity. The three examples discussed below have led to relabeling
or hearings by the FDA to reflect the importance of pharmacogenetics.

THIOPURINES

The thiopurine drugs mercaptopurine and azathioprine (the latter of which is a prodrug that is
converted to mercaptopurine in vivo) are purine antimetabolites used clinically to treat both
pediatric and adult leukemias and as immunosuppressant agents.2° Thiopurines are metabolized
in part by S-methylation, catalyzed by the enzyme thiopurine S-methyltransferase (TPMT).?122
A group led by Richard M. Weinshilboum first identified three groups of patients on the basis of
the level of TPMT activity in their red cells and found that the level of activity was inherited in an
autosomal-codominant fashion.?23 Subsequently, it was shown that patients who received
standard doses of thiopurines and who were homozygous for very low levels of TPMT activity

or for no activity (TPMTLTPMTY had greatly elevated concentrations of active drug
metabolites, 6-thioguanine nucleotides, and a markedly increased risk of life-threatening, drug-
induced myelosuppression.?* As a result, the phenotypic test for the level of TPMT activity in
red cells and, subsequently, DNA-based tests were among the first pharmacogenetic tests to
be used in clinical practice. The result of TPMT gene resequencing has demonstrated that the
most common variant allele responsible for low levels of activity among white populations
encodes a protein with two alterations in the amino acid sequence as a result of SNPs.25:26
These sequence changes result in a striking reduction in the quantity of TPMT,?° at least in part



because the variant protein is degraded rapidly.?° A series of less frequent TPMT variant alleles
has also been described.?3

UGT1A1 AND IRINOTECAN

Irinotecan is a prodrug, metabolized in vivo to 7-ethyl-10-hydroxycamptothecin, SN-38 (Fig. 3-
1), which is a potent inhibitor of topoisomerase 1.272° In humans, both gastrointestinal (e.g.,
diarrhea) and hematologic (e.g., neutropenia) toxicities are dose-limiting following the
administration of irinotecan. SN-38 is inactivated by glucuronidation to form the glucuronide
conjugate (SN-38G) in a reaction catalyzed by the polymorphic hepatic enzyme uridine
diphosphate glucuronosyltransferase 1A1 (UGT1Al) (Fig. 3-2).3° A dinucleotide repeat
polymorphism in the TATA box in the promoter for UGT1A1 results in reduced hepatic UGT1A1
expression and is considered the most common cause of Gilbert syndrome (mild unconjugated
hyperbilirubinemia).3*-3® Patients homozygous for the UGT1A1*28 polymorphism have
substantially lower SN-38 glucuronidation rates and substantially higher rates of grade 4 or 5
neutropenia than those who do not carry this genetic variant.>* In addition, it has been
demonstrated in a Japanese population that 80% of patients who suffered from life-threatening
irinotecan toxicities had variant sequences because of UGT1A1*6 (211G - A) and UGT1A1*27
(686C - A).*> The importance of UGT1A1 pharmacogenetics in mediating irinotecan-related
toxicity was recognized by the FDA when the irinotecan label was modified to recommend a
dose reduction for patients homozygous for the UGT1A1 polymorphism. Recent studies have
demonstrated that not only do patients homozygous for the UGT1A1*28 polymorphism require
lower doses of irinotecan, but also that patients who do not carry the genetic variant tolerate
substantially higher doses of irinotecan.3®

TAMOXIFEN AND CYP2D6

Tamoxifen can be considered a prodrug that requires metabolic activation to elicit its
pharmacologic activity. Tamoxifen undergoes activation to metabolites that are 100 times more
potent suppressors of estradiol-stimulated breast cancer cell growth (4-OH tamoxifen and
endoxifen) compared with tamoxifen or its primary metabolite, N-desmethyl tamoxifen.
Endoxifen is the most abundant active metabolite in most individuals and results from the
CYP2D6-mediated oxidation of N-desmethyl tamoxifen (Fig. 3-3).3” In separate studies of
women treated with tamoxifen, genetic variation in CYP2D6 and/or coadministration of CYP2D6
inhibitors were associated with a significant reduction in the mean plasma endoxifen
concentrations, with the reduction in endoxifen concentrations directly related to inhibitor
potency.83° Multiple studies have evaluated whether genetic polymorphisms that alter CYP2D6
enzyme activity or the coadministration of CYP2D6 inhibitors are associated with disease
recurrences, including conflicting data from large secondary analyses of prospective adjuvant
tamoxifen trials.“°42 One meta-analysis demonstrated that the CYP2D6 genotype was
associated with recurrence or death, but only among patients taking 20 mg/day for 5 years for
the adjuvant treatment of estrogen receptor—positive breast cancer.*® Clinicians should avoid
the concurrent use of potent CYP2D6 inhibitors and tamoxifen. Ongoing prospective studies
should provide definitive data as to the role of selecting hormonal therapy according to CYP2D6
genotype.
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Fig. 3-2 Metabolic pathway of irinotecan, a prodrug that is activated by carboxylesterase to the active metabolite SN-38.

SN-38 is glucuronidated by uridine diphosphate glucuronosyltransferase 1A1 (UGT1A1), forming the inactive metabolite SN-38
glucuronide (SN-38G), which is eliminated by the bile.

Abbreviations: APC, aminopentanecarboxylic acid; NPC, 7-ethyl-20-(4-amino-1-piperidino)carbonyloxycamptothecin.

®m Pharmacogenetics is the study of the role of genetic inheritance in individual variation in
(1) drug response and (2) toxicity.

m FDA-recognized examples of oncologic drugs for which toxicity or response is influenced
by pharmacogenetics, include the thiopurine drugs mercaptopurine and azathioprine
(TPMT) and irinotecan (UGT1A1).

PHARMACODYNAMICS

Pharmacodynamics is the study of the effects of drugs in the body, including the drug target. It
Is often summarized as the study of “what a drug does to the body.” In early-phase clinical
research, it is important not only to define the pharmacokinetic parameters of a given drug but
also to determine the effect of the drug on the tumor or on the target endpoints. These types of
studies are best done in late phase | or early phase Il clinical trials, in which the drug dose is
fixed and the variability in target modulation can be assessed more easily. One of the greatest
challenges in pharmacodynamic studies is selecting the endpoint. Ideally, endpoints can be
measured reliably and are easily quantified and clinically meaningful. Also, the most reliable and
relevant samples for assessing biomarkers are tumors, but access to tumors may be difficult.
Clinical trials may also be designed to study changes in a circulating blood factor, to determine
its correlation with disease endpoints. Determining such a relationship in early phases of clinical
research simplifies the clinical development pathway for a particular agent. Examples include
inhibition of phosphorylated extracellular signal regulated kinase (phospho-ERK),
phosphoprotein kinase B (Akt), and retinoblastoma (Rb) phosphorylation in tumors. Additionally,
a drug may exhibit effects on normal tissues, which may be associated with efficacy. Examples
include, EGFR-1-induced skin rash (associated with a higher rate of tumor response) and
aromatase inhibitor—induced arthralgias (associated with lower recurrence rates in the adjuvant
treatment of estrogen receptor—positive breast cancer).
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Fig. 3-3 Metabolism of tamoxifen.

Reprinted by permission from Macmillan Publishers Ltd.: Murdter TE, Schroth W, Bacchus-Gerybadze L, et al. Activity levels of
tamoxifen metabolites at the estrogen receptor and the impact of genetic polymorphisms of phase | and Il enzymes on their
concentration levels in plasma. Clin Pharmacol Ther. 2011;89:708-717.

BIOLOGIC AGENTS AND PREDICTIVE BIOMARKERS

Hundreds of novel biologic agents are in development for the treatment of cancer. Many of
these agents bind a particular receptor or protein within a tumor. Therefore, the expression of
the target is critical when using such an agent. Examples include HERZ2-targeting drugs such as
trastuzumab, ado-trastuzumab emtansine, pertuzumab, and lapatinib, which target the HER2
oncogene as well as critical other members of the EGFR system (HER1 and HER3). In the
metastatic setting, expression or amplification of the HERZ2 receptor is critical for the activity of
HERZ2-targeting drugs.* More recently, the FDA has approved biologic agents along with a
companion biomarker (vemurafenib and the BRAF V600 Mutation Test; crizotinib and the Abbott
Vysis ALK Break Apart FISH test).

DRUG RESISTANCE

Drug resistance has been seen as a major cause of the lack of cure with systemic cancer
therapies. Cancer cell kiling by a drug depends on transport of drug to the tumor and
engagement with the drug target. Drug resistance could be due to any step in the process of
absorption, transport, metabolism, and modification of the drug target. With classic



chemotherapy drugs, resistance mechanisms due to efflux pumps that extrude drugs from cells
and multidrug resistance have been well characterized. Multidrug resistance is conferred by the
expression of ATP-binding cassette family proteins that include P-glycoprotein (P-gp), multidrug
resistance protein (MRP), and breast cancer resistance protein (BCRP). Tumors expressing
these proteins exhibit resistance to several chemotherapeutic agents, which tend to be natural
products but may have different targets. Examples are anthracyclines, vinca alkaloids, taxanes,
and epipodophyllotoxins for P-gp.*® With the dramatic clinical responses being seen with
targeted agents that inhibit oncogenic kinases, the emergence of resistance has become a
major problem. Multiple mechanisms of resistance, including target modification through
secondary mutations, gene amplification and development of bypass tracts have been
identified.*® Based on these findings, a number of second- and third-generation kinase inhibitors
have been identified that can overcome resistance to EGFR inhibitors, BCR-ABL inhibitors, and
ALK inhibitors, for example (Fig. 3-4).

®m Pharmacodynamics is the study of the effects of drugs in the body, including the drug
target. Pharmacodynamic studies have been useful in documenting the mechanism of
action of drugs, but have not been useful biomarkers.

m Predictive biomarkers such as gene mutations, translocation, and amplification have been
useful in developing highly effective drugs, with a number of molecular aberrations such
as EGFR mutations being approved as companion biomarkers to drugs.

®m An emerging problem with therapy with molecularly targeted drugs is the relatively rapid
development of resistance. There are several research efforts aimed at identifying and
targeting mechanisms of resistance.

DRUG DEVELOPMENT: CLINICAL TRIAL DESIGN

The goals of clinical research are to expand knowledge about new anticancer agents through
the conduct of well-designed clinical trials, to rapidly gain approval by regulatory bodies, and to
obtain adequate clinical information for safe and effective drug delivery. The medical literature is
focused on clinical research and clinical trial design, which makes the comprehension of trial
design critical for practicing physicians.

NONCLINICAL DRUG TESTING

New compounds are discovered primarily by two means. First, there is rational design of new
therapeutic agents. When a target is known, drugs can be tailored to fit the target (e.qg.,
vemurafenib for V60OE melanoma). Second, compounds are discovered as a result of high-
throughput screening, in which multiple compounds with unknown activity are tested against a
series of cancer cell lines (e.g., rapamycin, the active moiety of temsirolimus). Those with the
best activity are selected for further development. From either source, new agents with
promise are tested in vitro and subsequently in vivo to determine whether the drug can Kill
cancer cells. During in vivo testing, toxicity, dosing schedule, and route of administration are
investigated. Subsequently, drugs are formulated for a specific route of administration (e.g., PO



or 1V), and the administration schedule is again optimized (e.g., daily, weekly, or via infusion).
Although schedules often are based on expected toxicities, mechanisms of action, and animal
studies, patient and physician convenience are also factors.
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Fig. 3-4 Resistance mechanisms to kinase inhibitors.

If the agent yields positive results in nonclinical testing, clinical trials are performed. Based
on toxicology studies involving animals, a starting dose is determined for phase | clinical trials
using one of two standard techniques. The more common method is to take one-tenth of the
dose that kills 10% of the most sensitive animal species. An alternative strategy is to use one-
third of the toxic dose—low (defined as the lowest dose of a substance at which any toxic effect
is produced). Once the phase | dose has been selected and appropriate regulatory measures
have been met, phase I clinical trials are then performed.

PHASE | TRIALS

The primary goal of a phase | clinical trial using classic cytotoxic chemotherapy has been to
determine the maximum tolerated dose (MTD): the highest dose of a drug or treatment that
does not cause unacceptable side effects. However, the MTD may not be the optimal dose,
especially for drugs that target a specific receptor or growth factor pathway. However, the
small sample sizes in a phase | trial do not allow for an accurate assessment of an “optimal
dose.” This can be ascertained only through randomized dose-ranging studies. Secondary
goals are to determine the optimal administration schedule, the toxicity profile of the agent, and



the pharmacokinetics and pharmacodynamics, as discussed previously, as well as to observe
for any clinical activity. Typically, patients with cancer who enter phase | clinical trials have
advanced cancer that has not responded to standard therapy. To be eligible for these trials,
patients’ disease must have a good performance status and they must have relatively normal
end-organ function so that adequate pharmacology can be determined.

The classic phase | design for cytotoxic chemotherapy agents has been developed largely
empirically. In this design, three patients are treated at each dose level. The first cohort is
treated at a starting dose that is considered to be safe based on extrapolation from animal
toxicologic data, and the subsequent cohorts are treated at increasing dose levels that have
been fixed in advance. The size of the cohorts is expanded if severe (grade 3 or 4) toxicities
occur. Pharmacokinetic measurements are typically obtained for all patients, as are toxicity and
tumor assessments. Historically, dose escalation using this trial design typically followed a
modified Fibonacci sequence, in which the dose increments become smaller as the dose
increases (e.g., the dose first increases by 100% of the preceding dose, and thereafter by
67%, 50%, 40%, and 30 to 35% of the preceding doses).

In recent years, a number of alternative designs for phase | studies have been investigated.
Adaptive or Bayesian designs are increasing in popularity. The primary goal of all these designs
is to shorten the duration of phase | trials and to enhance the precision of the phase Il dose
recommendation. These methods are typically based on the concept of using toxicity as the
endpoint of the trial. A mathematical function is created that describes the hypothesized
relationship (curve) between the incidence of dose-limiting toxicity (DLT) and dose. This curve is
reasonably predicted to assume a sigmoid shape for which the MTD must be estimated first.
As information regarding the presence or absence of toxicity accumulates, the original estimate
of the MTD is updated to more accurately fit the hypothesized curve to the actual data. Under
these types of trial designs, the occurrence of toxicity results in an adjustment of the curve to
match the probability that one is now approaching the MTD. Conversely, the absence of toxicity
results in adjustments of the curve to match the probability that one is not yet at the MTD.
Therefore, the occurrence of no DLT in several sequential patients results in a statistical
prediction that the dose can be more rapidly escalated in a safe manner.#’

Typically, phase | clinical trials, utilizing the standard 3+3 designs as well as the newer
Bayesian designs, have been performed in patients with multiple tumor types; however, these
trials may focus on a single tumor or a particular group of tumors known to express a specific
receptor or mutation. A newer focus in phase | trials is to treat genomic subsets. Thus, eligibility
for the trial includes the presence of specific genetic aberrations in the tumors. One example
includes mutations in the p110-alpha subunit of PI3K, called PIK3CA, responsible for activation
of the PISK/AKT/mammalian target of rapamycin (mTOR) pathway, which can cause neoplastic
transformation and promote cancer progression. One report demonstrated that, in a phase |
population of patients, PIK3CA mutations were detected in 18% of tested patients, and patients
with PIK3CA mutations treated with PISK/AKT/mTOR inhibitors demonstrated a higher
response rate than patients without mutations.*®

With agents that are not expected to be overly toxic or when clinical effects are expected
before toxic effects are likely to develop, other designs can be used. The phase 0 design is one
example in which small numbers of patients are treated with the goal of determining early on
whether a given drug will affect its intended target.

Phase | clinical trials involving combination agents have the added emphasis of evaluating the
interaction between the two agents. This is particularly important when there might be a
pharmacologic interaction resulting in a substantial change in the toxicity profile. These trials



can be complex. Such trial designs were examined by a National Cancer Institute task force,
which recommended that proposed drug regimens should be selected on the basis of a biologic
or pharmacologic rationale supported by clinical and/or robust and validated preclinical evidence
and accompanied by a plan for subsequent development of the combination. The design of the
phase | clinical trial should take into consideration the potential pharmacokinetic and
pharmacodynamic interactions as well as overlapping toxicity. Depending on the specific
hypothesized interaction, the primary endpoint may be dose optimization, pharmacokinetics,
and/or pharmacodynamics.*°

Investigators are discouraged from making definitive decisions regarding the efficacy of a
given cancer drug tested in a phase | study. However, observed tumor activity in the phase |
setting is usually the impetus for studying the drug in subsequent phase Il studies.

PHASE Il TRIALS

The primary goal of phase Il clinical trials is to better determine the preliminary efficacy and
toxicity of an agent. Although traditional phase Il trials have used a single-arm design,
researchers increasingly use randomized trial designs, which allow for preliminary comparisons
of efficacy and toxicity. Typically, a fixed dose and schedule of the therapy are selected and
patients have only one tumor type and have similar characteristics, including similar exposure to
previous therapies.

The choice of tumor type is based on preclinical and early clinical research, as well as the
molecular biology of the mechanism of the agent’s action. Many studies involve patients who
have untreated metastatic cancer; however, in order to quickly evaluate efficacy and obtain
regulatory approval, some studies involve patients who have highly refractory tumors. Phase Il
clinical research is typically the point at which decisions are made about the subsequent
development of a given compound. If minimal or no clinical activity is observed or there is
excessive or unmanageable toxicity in phase |l studies, development of the drug is usually not
continued.

Although the classic statistical design for a phase Il single-arm trial relied on drug response
(complete or partial), newer targeted therapies are often cytostatic; therefore, time-to-disease-
progression endpoints are now more commonly employed. Additionally, randomized phase Il
trials are sometimes performed to establish proof of efficacy of a biologic agent. The
randomized phase |l discontinuation design was used to test the drug sorafenib, ultimately
contributing to its approval for the treatment of renal cell carcinoma. In this design, after a 12-
week run-in period, patients with tumor shrinkage of less than or equal to 25% continued with
the drug. These patients were randomly assigned to sorafenib or placebo for an additional 12
weeks, and patients with tumor growth of more than or equal to 25% discontinued
treatment.>%5! The study effectively demonstrated that sorafenib significantly prolonged
progression-free survival compared with placebo. Similar to what was done for phase | studies,
the Clinical Trials Design Task Force of the National Cancer Institute has developed formal
recommendations about aspects of phase Il trial design—endpoints, randomization, inclusion of
biomarkers, biomarker-based patient enrichment strategies, and statistical design—that are the
subject of frequent debate. In general, the recommendations encourage the use of progression-
free survival as the primary endpoint and support randomized phase Il trials, inclusion of
biomarkers, and incorporation of novel designs. However, it is acknowledged that using
objective response as an endpoint and single-arm designs remain relevant in certain
situations.%?



PHASE lll TRIALS

The ultimate goal of phase IlI clinical research is either to gain approval of a new agent by a
regulatory body or to replace the current standard of care. These trials are typically large,
ranging from as few as 300 patients to as many as several thousand. By definition, these trials
are randomized clinical studies. The design and size of each trial hinges specifically on the
selected endpoints. The gold-standard endpoint is survival, which is recognized by all regulatory
agencies. However, survival endpoints may not be optimal for all cancers, especially those in
which multiple active agents are available to patients after completion of the clinical trial. For
breast and colorectal cancers, the FDA now recognizes disease-free survival, defined as the
time to the first event of relapse, development of a second primary cancer, or death.
Additionally, response rate, time to disease progression, quality of life, and other nontraditional
endpoints have been incorporated into phase Il clinical trial designs and have provided support
to the approval process of many new agents in oncology.

NOVEL TRIAL DESIGNS

With molecular characterization of tumors becoming routine in clinical practice, the notion of
treating tumors according to molecular aberrations rather than histologic classification is
becoming more widespread, leading to new study designs. The most common designs are the
so-called umbrella and basket trials. In umbrella trials, multiple aberrations in a single tumor
type is targeted by different drugs. An example is a current National Cancer Institute (NCI)
clinical trials network study in second-line squamous cell cancer of the lung in which aberrations
in MET, PI3K, CDK4/6, and others are targeted by different agents.>® Basket studies involve
the treatment of different tumor types that have a specific molecular aberration with specific
drugs. In this fashion, therapy is targeting a specific molecular aberration regardless of the
tissue of origin. An example is the NCI MATCH trial.>* While these designs are critical proof-of-
concept studies generating important clinical information, the path to regulatory approval of an
agent using these designs still remains unclear.

m Traditional oncology drug development has comprised phase | pharmacology studies,
phase Il initial efficacy studies, and phase Ill randomized comparisons against standard
of care.

m \With the emergence of molecularly targeted agents, novel study designs such as
Bayesian designs, seamless phase 1/Il designs, basket, and umbrella studies have been
introduced.

NEW MEDICINES AND NOVEL MECHANISMS OF ACTION

A growing understanding of the molecular, genetic, and biochemical changes that occur during
the processes of carcinogenesis, progression, and metastasis has shifted oncology drug
development away from traditional chemotherapeutic agents that target DNA and toward
therapeutics that act on specific molecular targets that drive tumor growth and metastasis.
Moreover, these same basic science advances in synthetic chemistry, immunology, and



molecular biology have led to novel approaches to inhibiting these targets. In addition to small-
molecule kinase inhibitors and antibody therapy (monoclonal, polyclonal, and bispecific
antibodies), one area of recent progress is in antibody-drug conjugate (ADC) technology. This
approach involves an antibody directed against a surface antigen of the cancer, which is
conjugated to a toxin (typically a tubulin such as a maytansine derivative) by a linker. The
antibody binds the cell-surface antigen, the complex is internalized by endocytosis, the linker
dissociates, and the toxin is released intracellularly, leading to apoptosis. Earlier approaches
had led to significant toxicity, particularly hepatotoxicity, as the linker disintegrated significantly
in the peripheral circulation. Improvements in linker technology, together with a number of
available toxins and identification of tumor antigens with limited normal tissue expression, has
advanced this field. Ado-trastuzumab emtansine (TDM-1) links the toxic antitubulin emtansine to
trastuzumab; in 2013, it was approved for the treatment of HER2-positive breast cancer that
showed progression on treatment with trastuzumab.>®> A number of ADCs are in clinical testing
now, with two of the more promising ones being anetumab ravtansine, which targets
mesothelin-expressing tumors®® and rovalpituzumab tesirine, which targets the notch family
receptor delta-like ligand 3 (DLL3). The DLL3 antibody is conjugated to a toxic
pyrrolobenzodiazepine DNA-damaging agent, tesirine. DLL3 is expressed in about 80% of small
cell lung cancers, and phase Il trials are ongoing.5” In terms of novel targets, efforts continue
to target signal transduction proteins such as ERK kinase, TRK kinase, cell-cycle regulating
proteins (the cyclins, the cyclin-dependent kinases, and inhibitors of cyclin-dependent kinases),
epigenetic targets, and tumor metabolic targets (see Chapter 2: Molecular Biology).

Immunotherapy is a third area in which important advances have been made over the past
couple of years (see Chapter 4. Principles of Immuno-Oncology and Biologic Therapy).
Clinicians have known for many years that using nonspecific enhancers of the immune system,
such as interleukin-2 (aldesleukin) and interferon, can generate immune responses that lead to
clinical responses for patients with kidney cancer or melanoma. More recently, there has been
increased interest in the development of immune-based therapy for more common solid tumors,
such as cancers of the breast, bladder, head and neck, lung, and gastrointestinal tract and for
hematologic malignancies such as lymphoma. Recent advances in understanding the
mechanisms of immune tolerance of the host to tumor-specific antigens have led to the
development of immune checkpoint proteins such as monoclonal antibodies against anti-PD-1
and anti-PDL-1. The anti-PD1 inhibitors pembrolizumab, nivolumab, and atezolizumab have
been approved by the FDA for multiple solid tumors.

The rapid pace of drug development is evidenced by 22 approvals of novel entities, as well
as by expanded indications for previously approved entities by the FDA in 2016. A current list of
FDA-approved drugs in oncology can be accessed at
https://www.fda.gov/Drugs/InformationOnDrugs/ApprovedDrugs. Two recent FDA approvals
warrant mention. The first approval of a plasma-based genomic analysis occurred when the
FDA approved the cobas EGFR Mutation Test v2 using plasma specimens as a companion
diagnostic test for the detection of exon 19 deletions or exon 21 (L858R) substitution mutations
in the EGFR gene to identify patients with metastatic non-small cell lung cancer NSCLC eligible
for treatment with erlotinib. The approval was based on a multicenter, open-label, randomized,
phase Il study, to evaluate the efficacy and safety of erlotinib versus gemcitabine plus cisplatin
as first-line treatment for patients with stage [IIB/IV NSCLC. The agreement between the
cobas EGFR Mutation Test v2 in plasma and the cobas EGFR Mutation Test vl in tissue was
evaluated for detection of EGFR mutations in patients with NSCLC who were screened for
participation in the study. In 76.7% (95% CI; 70.5, 81.9) of tissue-positive specimens, plasma


https://www.fda.gov/Drugs/InformationOnDrugs/ApprovedDrugs

was also positive for an EGFR mutation. Plasma was negative for EGFR mutation in 98.2%
(95% CI; 95.4, 99.3) of tissue-negative cases.>®

In the second approval, the FDA modified the indication for erlotinib for treatment of NSCLC
to limit use to patients whose tumors have EGFR exon 19 deletions or exon 21 L858R
substitution mutations as detected by an FDA-approved test. This labeling supplement is based
on the results of a randomized, double-blind, placebo-controlled trial of erlotinib administered as
maintenance therapy in patients with advanced NSCLC who had not experienced disease
progression or unacceptable toxicity during four cycles of platinum-based first-line
chemotherapy. Patients whose tumors harbored activating EGFR mutations (exon 19 deletions
or exon 21 L858R mutations) were excluded from this trial. Results demonstrated that survival
following treatment with erlotinib was not better than placebo administered as maintenance in
patients with metastatic NSCLC tumors not harboring EGFR-activating mutations.>°

®m Substantial gains have been realized in the development of drugs that inhibit novel cancer
targets. These targets include, but are not limited to, angiogenesis, signal transduction
growth pathways, and immune checkpoints.
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PRINCIPLES OF IMMUNO-ONCOLOGY AND

BIOLOGIC THERAPY

Rodrigo Ramella Munhoz, MD, and Michael A. Postow, MD

Recent Updates

Alarge number of biologic agents that promote antitumor immune and nonimmune responses have been approved for
clinical use since the 5th edition was published.

In collaboration with the National Comprehensive Cancer Network, the American Society of Clinical Oncology issued its
first clinical practice guideline on management of immune-related adverse events in patients treated with immune
checkpoint inhibitor therapy. (Brahmer JR, J Clin Oncol 2018)

The clinical indications for the use of antibodies blocking the immune checkpoint PD-1 and its ligand PD-L1 continue to
expand. In addition to advanced melanoma and non-small cell lung cancer, nivolumab has been approved for the
treatment of patients with advanced renal cell carcinoma, relapsed/refractory classic Hodgkin lymphoma, recurrent or
metastatic squamous cell carcinoma of the head and neck (SCCHN), urothelial carcinoma following platinum-containing
chemotherapy, and mismatch repair—deficient advanced colorectal cancer. Nivolumab is also approved for clinical use in
combination with ipilimumab in advanced melanoma. (Ansell SM, N Engl J Med 2015; Younes A, Lancet Oncol 2016;
Ferris RL, N Engl J Med 2016; Sharma P, Lancet Oncol 2017; Overman MJ, Lancet Oncol 2017; Larkin J, N Engl J Med
2015; Postow MA, N Engl J Med 2015)

Pembrolizumab is now approved for treatment in the first-line setting of patients with PD-L1—positive non-small cell lung
cancer or in combination with chemotherapy irrespective of PD-L1 expression, metastatic SCCHN, classic Hodgkin
lymphoma, urothelial carcinoma, and for patients with mismatch repair—deficient solid tumors, expanding prior indications
for metastatic melanoma and refractory non-small cell lung cancer. (Reck M, N Engl J Med 2016; Langer CJ, Lancet
Oncol 2016; Seiwert TY, Lancet Oncol 2016; Chen R, J Clin Oncol 2017; Bellmunt J, N Engl J Med 2017; Le DT, N Engl J
Med 2015;)

Atezolizumab has been approved for the treatment of patients with advanced urothelial carcinoma and metastatic non-
small cell lung cancer. (Rosenberg JE, Lancet 2016; Balar AV, Lancet 2017; Rittmeyer A, Lancet 2017)

Avelumab became the first systemic agent to be approved for the treatment of advanced Merkel cell carcinoma, and the
indication of this agent was subsequently expanded to advanced urothelial carcinoma. (Kaufman HL, Lancet Oncol 2016;
Apolo AB, J Clin Oncol 2017)

Durvalumab has been approved for the treatment of patients with advanced urothelial carcinoma. (Massard C, J Clin
Oncol 2016)

Ipilimumab resulted in significant overall survival improvement when used in the adjuvant setting for patients with stage lll
melanoma and is approved as adjuvant therapy. (Eggermont AMM, N Engl J Med 2016)

Necitumumab has been approved for use in combination with gemcitabine and cisplatin for patients with advanced
sguamous non-small cell lung cancer. (Thatcher N, Lancet Oncol 2015)

Olaratumab has been approved for use in combination with doxorubicin for the treatment of patients with advanced soft-
tissue sarcomas. (Tap WD, Lancet 2016)

Obinutuzumab in combination with bendamustine, followed by obinutuzumab monotherapy has been approved for the
treatment of patients with rituximab-refractory indolent non-Hodgkin lymphoma. (Sehn LH, Lancet Oncol 2016)

Daratumumab, an anti-CD38 monoclonal antibody, has been approved for use as a single agent and in combination with
lenalidomide or bortezomib and dexamethasone for the treatment of patients with refractory multiple myeloma. (Palumbo



A, N Engl J Med 2016; Dimopoulos MA, N Engl J Med 2016)

» Elotuzumab, an immunostimulatory monoclonal antibody targeting SLAMF7, has been approved by the FDAfor use in
combination with lenalidomide and dexamethasone for the treatment of patients with multiple myeloma in whom prior
therapies have failed. (Lonial S, N Engl J Med 2015)

OVERVIEW AND GENERAL CONCEPTS OF IMMUNO-ONCOLOGY

Biologic therapy—whether for neoplastic, infectious, immunologic, or other diseases—refers to
the use of biologic products or substances that are made by living organisms, such as
cytokines, antibodies, and cells. For cancer, these substances are administered primarily to
generate or restore host immune responses or to mediate nonimmunologic antitumor activities.
Since the introduction of interferon (IFN) more than 25 years ago, progress in biologic therapy
for cancer has been rapid. Several cytokines have been approved by the U.S. Food and Drug
Administration (FDA). An increasing number of monoclonal antibodies are being used clinically.
The introduction of immune checkpoint blockade with monoclonal antibodies has had a major
impact in the management of a growing number of malignancies and has paved the way for the
development of combined approaches, already in clinical use for the treatment of patients with
melanoma. Cellular therapy based on artificially engineered antigen receptors (either chimeric
or modified T-cell receptor) produced remarkable results in patients with refractory hematologic
malignancies, and in combination with cell-based vaccine approaches already approved for
clinical use, are expanding the applicability of cancer immunotherapy, or immuno-oncology. This
chapter will focus on the immunology, pharmacology, and toxicology of biologic therapy in
clinical use to treat cancer. More detailed review of the clinical application of specific agents is
provided in tumor-specific chapters.

The immune system protects against microbial pathogens while simultaneously maintaining
tolerance to “self.” The “innate” response forms the first line of defense. Innate immune cells
(e.g., macrophages, dendritic cells, and natural killer [NK] cells) express receptors (e.g., toll-
like receptors [TLRs]) involved in the recognition of conserved molecular patterns (pathogen-
associated molecular patterns [PAMPs]), such as unmethylated CpG DNA motifs, found on
exogenous organisms, and cell damage-associated molecular patterns (DAMPs) (e.g., high-
mobility group box 1 [HMGB1]) but not on normal, uninflamed human tissues. Stimulation
through these receptors triggers a cascade of events that includes the production of cytokines,
activation of cellular cytotoxicity, an increase in nitric oxide synthesis, and activation of the
complement system. These events promote the elimination or lysis of microbial pathogens and
promote recruitment and activation of other immune cells.

Microbial/cellular fragments that result from the destruction produced by the innate immune
response are taken up by antigen-presenting cells (e.g., macrophages, dendritic cells, B cells),
which then process the fragments and present these antigens to generate the “adaptive”
response, largely though the activation and mobilization of T cells and antibody-producing B
cells. These cells express highly diverse antigen-specific receptors—the T-cell antigen
receptors (TCRs) and the B-cell antigen receptors (BCRs)—generated by random
rearrangement of the TCR and immunoglobulin (Ig) gene segments, respectively. The adaptive
response allows generation of extremely diverse T- and B-cell repertoires that, compared with
the innate response, provide a more specific but also broader and more flexible responses that
include the capacity for generating “memory.”

Immune responses are highly regulated. Many types of cells and molecular factors, including



cell-surface molecules, are involved in modulating (either positively or negatively) both the
innate and the adaptive response. A key step in the generation of adaptive immunity is the
presentation of antigens by antigen-presenting cells to T-helper cells, which promote cellular
effectors (e.g., cytolytic T lymphocytes [CTLs]) or humoral effectors (e.g., antibodies) through
the production of specific cytokines. Regulatory cells and cytokines also serve to suppress the
immune response to maintain tolerance to self and limit immune-mediated damage to normal
tissues.

m Cells of both the antigen-nonspecific innate and antigen-specific adaptive responses have
been implicated in antitumor immunity.

m Specific immunity to tumors requires uptake of tumor antigens by antigen-presenting cells
and presentation to T-helper cells, which coordinate the generation of cellular (cytotoxic T
cells) and/or humoral (antibody-producing B-cell) responses.

® |[mmune responses are highly regulated to maintain tolerance to self and limit immune-
mediated damage to normal tissues.

IMMUNE CELLS

A wide variety of hematologic and nonhematologic cells are important in innate and adaptive
immunity. The following are considered to play prominent roles in antitumor immune responses.

T Cells and Immune Checkpoints

T cells are paramount in the adaptive immune responses as effectors and as regulators. The
signaling complex of T cells includes the TCR dimer, the accessory molecules (CD4 or CD8),
and the CD3 signal transduction module. Unlike antibodies, which can react to intact proteins, T
cells, through the TCR, react only to peptide fragments of antigens that are noncovalently
complexed with major histocompatibility complex (MHC) molecules, which are integral
membrane glycoproteins. There are two types of MHC molecules. Class | MHC (e.g., human
leukocyte antigens A, B, and C) are expressed on all cell types and serve as the antigen-
presenting molecule for CD8+ T cells. Class Il MHC (e.g., HLA-DR) is recognized by CD4+ T
cells and is present primarily on antigen-presenting cells but also can be present on other cells,
including tumor cells. Polymorphisms within MHC molecules determine whether a peptide
fragment will complex with the MHC molecule and thus whether a T cell from an individual will
respond to a specific epitope of an antigen, resulting in the phenomenon referred to as “MHC
restriction.” Because of this phenomenon, some peptide cancer vaccines can be applied only to
patients with specific HLA types.

T-cell activation requires not only the presentation of an antigen within the context of an MHC
molecule and stimulation through the CD3 module but also “costimulatory” signals. Activation is
in turn regulated by “coinhibitory” signals, essential in limiting the magnitude of the immune
response and autoimmunity, but also exploited as immune evasion mechanisms by tumor cells.
The CD28 family of receptors includes the stimulatory receptor CD28 and the inhibitory
receptors cytotoxic T-lymphocyte antigen 4 (CTLA-4) and programmed death 1 (PD-1).



Receptors of the CD28 family interact with the B7 family of ligands, which include B7-1, B7-2,
programmed death ligands 1 (PD-L1 also called B7-H1), and 2 (PD-L2 also called B7-DC).
These interactions are referred to as “immune checkpoints.” A simplified diagram for the CTLA-
4 and PD-1 immune checkpoints is shown in Figure 4-1. Several other receptor—ligand
engagements can act as modulators of the immune response, including those mediated by the
costimulatory and coinhibitory molecules listed below.

Costimulatory receptors:
- CD28
« CD137
« CD27
» OX40 (or CD134)
* Inducible T-cell costimulator (ICOS)
* Glucocorticoid-induced tumor necrosis factor receptor [TNFR]—related protein (GITR)

Coinhibitory receptors:
« CTLA-4
« PD-1
» B- and T-cell attenuator (BTLA),
» Lymphocyte-activation gene 3 (LAG3)
 T-cell immunoglobulin and mucin-domain containing 3 (TIM3)
« PD-1H (also named VISTA [V-domain Ig suppressor of T cell activation]).

Cytolytic T Lymphocytes

Cytolytic T lymphocytes (CTLs) are primarily CD8+ T cells and thus recognize, through their
unigue TCR, antigens presented within the context of MHC class |. Two mechanisms are
involved in their cytolytic effector activity. The predominant mechanism is granule exocytosis
and the release of perforin and granzymes. The second mechanism is mediated by the death
activator Fas ligand, which is expressed on the cell surface of CTLs. Both mechanisms cause
cells to undergo apoptosis (Fig. 4-2). When appropriately activated, these cells also produce
cytokines, such as interferon-gamma, interleukin-2 (IL-2), and tumor necrosis factor a (TNF-a),
that also can mediate or enhance antitumor effects. CTL can move to another cell and, by
reorienting its granules to another region of contact, destroy it. In this manner, CTL can Kill
many tumor cells, resulting in a very robust and very specific “serial killing” response that is
considered to play a central role in immune-mediated tumor rejection. Tumor-infiltrating CD8+
lymphocytes can be associated with improved clinical outcome.?

T-Helper Cells

T-helper cells secrete cytokines that regulate all immune cells. They are essential in generating
CTLs, regulating B-cell antibody production, and activating phagocytes. Most T-helper cells
express CD4 and thus recognize antigens presented by class || MHC. Depending on the nature
of the peptide and the activation status of the antigen-presenting cells, several types of



responses can be promoted, including a cellular immune response mediated by CTLs and by
macrophages, referred to as T-helper cell type 1 (Thl) response, or a humoral response
mediated by antibody, referred to as Th2 response (which also includes activation of
eosinophils). Predominant cytokines produced in a Thl-associated response are interferon-
gamma and IL-2. Predominant cytokines produced in a Th2-associated response are IL-4 and
IL-5. CD4+ T cells are required in an antitumor response largely to help naive CD8+ T cells,
leading to their differentiation and activation into tumor-specific CTLs and the development of
antigen (Ag)-specific memory. Cytokines produced by T-helper cells also may mediate
antitumor effects by activating macrophages and NK cells. T-helper cytokines (e.g., interferon-
gamma) may also directly suppress tumor growth.

Priming Phase Effector Phase

CD4 orCD8

Recognition Recognition
and Signaling and Signaling
Peptide Peptide
Antigen Antigen
; 5 Inhibitory
D28 Costlfnulatory PD-1 Signal
Signal
: 372 CTLA4 Inhibitory
PD-L1 or PD-L2 PD-1 Signal
T cell T cell

Fig. 4-1 Regulation of T-cell priming and effector function.

During the priming phase of T-cell activation, antigens are presented to the T-cell receptor (TCR) as peptide fragments within
major histocompatibility complex (MHC) molecules on antigen-presenting cells (APCs). The primary costimulatory signal is
delivered through the CD28 receptor on the T cell after engagement of its ligands, B7-1 or B7-2, on the APC. Fully effective
engagement also depends on the interactions among several other molecules, such as adhesion molecules (not shown). Failure
of the costimulatory B7/CD28 complex to be engaged results in either a nonactivating T-cell event and/or anergy. Engagement of
the cytolytic T-lymphocyte antigen 4 (CTLA-4) receptor (CD152) on the T cell by the same B7-1 or B7-2 ligands results in
inhibition of the response. Engagement of the programmed death 1 (PD-1) receptor with one of its two ligands, PD-L1 or PD-L2,
on APC also results in inhibition of the response. PD-L1 is also expressed by tumors. During the effector phase, engagement of
PD-1 on the activated T cell by PD-L1 on the tumor results in inhibition of T-cell function.

Regulatory T Cells

Regulatory T cells (Tregs) are subsets of T lymphocytes capable of discriminating self-antigens
from non-self-antigens. In healthy individuals, Tregs maintain tolerance by suppressing
expansion of effector cells directed against self-antigen. Tregs that express CD4, CD25, and
forkhead box P3 (FOXP3; a forkhead family transcriptional regulator) play a central role in
maintaining immune self-tolerance. The mechanism of suppression of self-reactive lymphocytes
is not clear but does appear to involve direct cell-to-cell contact or the production of IL-10 or of



transforming growth factor 3 (TGF-). Given that many tumor-associated antigens are normal
self-constituents, CD4+CD25+FOXP3 Treg cells engaged in the maintenance of self-tolerance
may impede tumor-reactive T cells. Their role in cancer, however, is not established, and the
prognostic significance of intratumoral Treg cells may be context-dependent and affected by the
tumor type, the other cells in the tumor microenvironment, and soluble molecules that vary with
time and treatment. In cancers, such as breast cancer, data show that intratumoral Treg cells
confer a poorer prognosis?; however, in colorectal cancer, there is a better prognosis.:

Natural Killer Cells

Natural killer (NK) cells are a relatively small population (less than 10%) of circulating
lymphocytes and are distinct from T cells and B cells. They are part of the innate or immediate
non—-Ag-specific response to pathogens and transformed cells. Although their cytotoxic
mechanisms are similar to those of CTL, NK cells do not require recognition of MHC molecules,
and thus killing by NK cells is designated as non-MHC-restricted lysis. In fact, class | MHC
molecules send a negative regulatory signal through receptors on the NK cells (killer inhibitory
receptors [KIRs]) that inhibit NK cell lytic function. Conversely, loss of class | MHC on tumor
cells may result in NK cell killing of cells that could otherwise escape T-cell recognition. Under
normal homeostatic conditions, multiple families of NK cell receptors that inhibit their activation
exert the predominant effects, while inflammation and infection, as well as malignancy, may
lead to activation through a number of other activating receptors that recognize soluble and cell-
membrane ligands on tumors and infected cells. Also in contrast to CTLs, NK cells express Fc
receptors and thus can mediate antibody-dependent cell-mediated cytotoxicity (ADCC). When
activated, NK cells also produce interferon-gamma. Although NK cells do not require activation
for lytic activity, the stimulation of NK cells with interferons and IL-2 markedly enhances their
antitumor activity. In contrast to CTLs, which can kill multiple cells, there is evidence that NK
cells must rearm themselves by exposure to IL-2 before they are effective against new targets.
Furthermore, there is, for the most part, no memory component to the NK response.
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Fig. 4-2 Mechanisms of cell killing by cytolytic T lymphocytes and antibody.

After attaching to the major histocompatibility complex (MHC)—peptide complex, cytolytic T lymphocytes (CTLs) discharge
cytoplasmic granules containing perforin and granzymes by exocytosis. Perforin molecules insert themselves into the plasma
membrane of target cells, which enables granzymes to enter the cell. Granzymes are serine proteases that, once inside the cell,
activate caspases that cause the cells to undergo apoptosis. When CTLs hind to their target, they also upregulate Fas ligand
(FasL) on their surface, which binds with the Fas receptor on the surface of the target cell, leading to its death—also by
apoptosis. Antibody recognizes antigen in its native conformation. After binding, a complement reactive site on the antibody is
activated that sets into motion a cascade of reactions, including the activation of many molecules of the complement system,
which in turn activate increasing amounts of enzymes resulting in complement-mediated cytotoxicity (CMC). A product of the
complement cascade also strongly activates phagocytosis by macrophages and neutrophils. These phagocytes (Px) and also
natural killer (NK) cells bind their Fc receptor (CD16) to the antibody and destroy the antibody-bound cell (antibody-dependent
cellular mechanisms). Antibody-recognizing cell-surface molecules that regulate cell signaling/growth can directly elicit apoptosis.
Abbreviations: C', complement.

B Cells

Antibody-producing B cells are involved in adaptive immunity and also serve as antigen-
presenting cells. The BCR binds soluble antigens, which are then internalized by receptor-
mediated endocytosis and processed into peptide fragments that are then displayed at the cell
surface within class Il MHC. T-helper cells specific for this structure (i.e., with a complementary
TCR) bind the B cell and secrete cytokines that stimulate the B cell to proliferate into cells with
identical BCRs and ultimately to differentiate into plasma cells that secrete antibodies (i.e., the
soluble version of the BCR). In contrast to T cells, which recognize only processed peptide
antigen, antibodies produced by B cells recognize the intact protein antigen in its native
conformation. Antibodies also can recognize polysaccharides and nucleic acids. Antigen-binding
specificity is encoded by three complementarity-determining regions on the Fab (fragment-
antigen binding) region, whereas the monomorphic Fc (fraction-crystallizable) region of the
antibody is responsible for binding to serum proteins (e.g., complement) or to cells such as
macrophages and NK cells that express Fc receptors that transmit signals leading to ADCC.
Complement-mediated cytotoxicity (CMC) may develop in the case of complement-fixing Fc
classes of IgG and multimeric antibodies such as IgM, and subsequent activation for the
complement protein cascade. Central to CMC is the ability of the antibody to redistribute the
target on the cell membrane into large glycolipoprotein microdomains known as “lipid rafts.”
Antibodies also can directly mediate antitumor effects by interacting with cell-surface receptors
that regulate cell growth (Fig. 4-2). Although cellular immune responses appear to be central in
the generation of effective antitumor immunity, a substantial body of data indicates that
antibodies are also important. Furthermore, the antitumor effects of antibodies have been
validated by the clinical efficacy of monoclonal antibodies specific for tumor-associated
molecules.

Dendritic Cells

Dendritic cells are a widely distributed, heterogeneous population of antigen-presenting cells
that are derived from bone marrow progenitors and circulate in the blood as immature
precursors prior to migration into peripheral tissues. Within different tissues, dendritic cells
differentiate and become active in the uptake and processing of antigens via MHC class | and Il
molecules, which require distinct intracellular processing pathways, termed the “antigen-
processing machinery” (APM), generally using class | for endogenous antigens and class Il for
exogenous antigens, but with substantial overlap. Dendritic cells function at the intersection of
the innate and adaptive immune responses. Upon stimulation provided by microbes (via TLRS),
cytokines, and/or T-cell signals (e.g., CD40 ligand), dendritic cells undergo further maturation



and migrate to secondary lymphoid tissues, where they present antigen to T cells. The nature
of the immune response elicited depends on a variety of factors, including the mode and
duration of activation and the cytokine milieu.

Two distinct dendritic cell lineages have been described in humans: myeloid dendritic cells
(mDCs) express the receptor for granulocyte—macrophage colony-stimulating factor (GM-CSF)
and other myeloid markers. mDCs reside in tissues and are the most efficient antigen-
presenting cells, particularly with regard to the primary activation of naive T cells. They
stimulate tumor-reactive CTLs through an IL-12—dependent mechanism. Plasmacytoid dendritic
cells (pDCs) lack myeloid cell markers and express the receptor for IL-3 (CD123). They reside
in peripheral blood, and after encountering a virus, they secrete large amounts of interferon-
alpha, a cytokine with immunomodulatory as well as antiviral properties. The role of pDCs in
antitumor immunity is under investigation.

Macrophages

Macrophages, which derive from peripheral-blood monocytes, are widely dispersed throughout
the body and mediate a variety of functions. Macrophages are specialized phagocytes.
Phagocytosis is mediated through surface receptors for complement and other opsonins and
through the uptake of particles into phagosomes that then fuse with cytoplasmic lysosomes.
Macrophages express Fc receptors for antibodies and can mediate antibody-dependent cellular
uptake and cytotoxicity. Similar to dendritic cells, macrophages function at the intersection of
the innate and adaptive immune responses and can process antigen via the APM and present
peptides within MHC molecules to activate specific T- and B-cell effector mechanisms.
Macrophages also are potent secretory cells. They are major producers of the pro-angiogenic
vascular endothelial growth factor (VEGF). Distinct activation states of macrophages have been
described: M1 macrophages produce high levels of inducible nitric oxide synthase, IL-12, and
TNF, whereas M2 macrophages produce arginase, IL-10, TGF-beta, and prostaglandin E,. M1

macrophages are potent effector cells that kill tumors through nitric oxide and TNF, whereas
M2 macrophages limit Thl immune responses and promote angiogenesis, processes that
promote tumor growth. Whereas M2 macrophages are associated with a decrease in survival
for patients with cancer, M1 macrophages have been associated with an improved survival.*?

Myeloid-Derived Suppressor Cells

A number of investigations have identified immature myeloid cell populations present in tumors
and lymphoid organs, referred to as myeloid-derived suppressor cells (MDSCs), which inhibit T-
cell functions and play a role in tumor-associated immune suppression. They have been
described in patients with many types of solid tumors.3*> Human MDSCs are still poorly defined
but have been reported to lack the expression of markers of mature myeloid and lymphoid cells
(i.e., lineage-negative) and HLA-DR. MDSCs do express the common myeloid marker CD33.
The precise nature of this regulatory cell population and whether they are precursors of
granulocytes, macrophages, or dendritic cells appear to depend on the tumor and tumor-
derived factors of the host. This highly plastic population suppresses T-cell functions through
different molecular pathways, mostly involving arginase metabolism products, inducible nitric
oxide synthase, reactive oxygen species, and/or production of soluble inhibitory factors such as
TGF-beta, IL-10, prostaglandin E,, and nitric oxide.



m T cells recognize antigens presented to the T-cell antigen receptors as peptide fragments
within MHC molecules. T-cell activation requires stimulation not only through the T-cell
antigen receptor but also through immune costimulatory receptors.

® |nteractions with coinhibitory receptors on T cells, referred to as “immune checkpoints,”
suppress unwanted and harmful self-directed immune activities.

m T-helper cells promote Thl-associated CTLs through the production of cytokines, such
as interferon-gamma and in