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Cancer is the second leading cause of death in the United
States; only cardiovascular diseases exact a higher toll. Even
more agonizing than the mortality rate is the emotional and
physical suffering inflicted by neoplasms. Patients and the
public often ask, “When will there be a cure for cancer?” The
answer to this simple question is difficult, because cancer is
not one disease but many disorders that share a profound
growth dysregulation. Some cancers, such as Hodgkin lym-
phoma, are curable, whereas others, such as pancreatic adeno-
carcinoma, have a high mortality. The only hope for controlling
cancer lies in learning more about its cause and pathogenesis,
and great strides have been made in understanding its molec-
ular basis. Indeed, some good news has emerged: cancer mor-
tality for both men and women in the United States declined
during the last decade of the twentieth century and has con-
tinued its downward course in the 21st." The discussion that
follows deals with both benign and malignant tumors, focus-
ing on the basic morphologic and biologic properties of
tumors and the molecular basis of carcinogenesis. We also
discuss the interactions of the tumor with the host and the
host response to tumors.

Nomenclature

Neoplasia means “new growth,” and a new growth is called a
neoplasm. Tumor originally applied to the swelling caused by
inflammation, but the non-neoplastic usage of tumor has
almost vanished; thus, the term is now equated with neo-
plasm. Oncology (Greek oncos = tumor) is the study of tumors
or neoplasms.

Although all physicians know what they mean when they
use the term neoplasm, it has been surprisingly difficult to
develop an accurate definition. The eminent British oncologist
Willis® has come closest: “A neoplasm is an abnormal mass of
tissue, the growth of which exceeds and is uncoordinated with
that of the normal tissues and persists in the same excessive
manner after cessation of the stimuli which evoked the change.”
We know that the persistence of tumors, even after the inciting
stimulus is gone, results from genetic alterations that are passed
down to the progeny of the tumor cells. These genetic changes
allow excessive and unregulated proliferation that becomes
autonomous (independent of physiologic growth stimuli),
although tumors generally remain dependent on the host for
their nutrition and blood supply. As we shall discuss later, the
entire population of neoplastic cells within an individual
tumor arises from a single cell that has incurred genetic
change, and hence tumors are said to be clonal.

A tumor is said to be benign when its microscopic and gross
characteristics are considered relatively innocent, implying
that it will remain localized, it cannot spread to other sites,
and it is generally amenable to local surgical removal; the

Paraneoplastic Syndromes
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patient generally survives. It should be noted, however, that
benign tumors can produce more than localized lumps, and
sometimes they are responsible for serious disease.

Malignant tumors are collectively referred to as cancers,
derived from the Latin word for crab, because they adhere to
any part that they seize on in an obstinate manner, similar to
a crab. Malignant, as applied to a neoplasm, implies that the
lesion can invade and destroy adjacent structures and spread
to distant sites (metastasize) to cause death. Not all cancers
pursue so deadly a course. Some are discovered early and are
treated successfully, but the designation malignant always
raises a red flag.

All tumors, benign and malignant, have two basic compo-
nents: (1) clonal neoplastic cells that constitute their paren-
chyma and (2) reactive stroma made up of connective tissue,
blood vessels, and variable numbers of macrophages and lym-
phocytes. Although the neoplastic cells largely determine a
tumor’s behavior and pathologic consequences, their growth
and evolution is critically dependent on their stroma. An ade-
quate stromal blood supply is requisite for the tumor cells to
live and divide, and the stromal connective tissue provides the
structural framework essential for the growing cells. In addi-
tion, there is cross-talk between tumor cells and stromal cells
that directly influences the growth of tumors. In some tumors,
the stromal support is scant and so the neoplasm is soft and
fleshy. In other cases the parenchymal cells stimulate the for-
mation of an abundant collagenous stroma, referred to as
desmoplasia. Some demoplastic tumors—for example, some
cancers of the female breast—are stony hard or scirrhous. The
nomenclature of tumors and their biologic behavior are based
primarily on the parenchymal component.

Benign Tamors. In general, benign tumors are designated
by attaching the suffix -oma to the cell of origin. Tumors of
mesenchymal cells generally follow this rule. For example, a
benign tumor arising in fibrous tisssue is called a fibroma,
whereas a benign cartilaginous tumor is a chondroma. In con-
trast, the nomenclature of benign epithelial tumors is more
complex. These are variously classified, some based on their
cells of origin, others on microscopic pattern, and still others
on their macroscopic architecture.

Adenoma is applied to a benign epithelial neoplasm
derived from glands, although they may or may not form
glandular structures. On this basis, a benign epithelial neo-
plasm that arises from renal tubular cells growing in the
form of numerous tightly clustered small glands would be
termed an adenoma, as would a heterogeneous mass of
adrenal cortical cells growing as a solid sheet. Benign epithelial
neoplasms producing microscopically or macroscopically
visible finger-like or warty projections from epithelial surfaces
are referred to as papillomas. Those that form large cystic
masses, as in the ovary, are referred to as cystadenomas. Some
tumors produce papillary patterns that protrude into cystic
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FIGUR

Colonic polyp. A, This benign glandular tumor {adenoma) is projecting into the colonic lumen and is attached to the

mucosa by a distinct stalk. B, Gross appearance of several colonic polyps.

spaces and are called papillary cystadenomas. When a neo-
plasm, benign or malignant, produces a macroscopically
visible projection above a mucosal surface and projects, for
example, into the gastric or colonic lumen, it is termed a polyp
(Fig. 7-1).

Malignant Tamors. The nomenclature of malignant
tumors essentially follows the same schema used for benign
neoplasms, with certain additions. Malignant tumors arising
in mesenchymal tissue are usually called sarcomas (Greek sar =
fleshy), because they have little connective tissue stroma and
so are fleshy (e.g., fibrosarcoma, chondrosarcoma, leiomyosar-
coma, and rhabdomyosarcoma). Malignant neoplasms of epi-
thelial cell origin, derived from any of the three germ layers,
are called carcinomas. Thus, cancer arising in the epidermis of
ectodermal origin is a carcinoma, as is a cancer arising in the
mesodermally derived cells of the renal tubules and the endo-
dermally derived cells of the lining of the gastrointestinal tract.
Carcinomas may be further qualified. Squamous cell carcinoma
would denote a cancer in which the tumor cells resemble
stratified squamous epithelium, and adenocarcinoma denotes
a lesion in which the neoplastic epithelial cells grow in glan-
dular patterns. Sometimes the tissue or organ of origin can be
identified, as in the designation of renal cell adenocarcinoma
or bronchogenic squamous cell carcinoma. Not infrequently,
however, a cancer is composed of undifferentiated cells of
unknown tissue origin, and must be designated merely as an
undifferentiated malignant tumor.

In many benign and malignant neoplasms, the parenchy-
mal cells bear a close resemblance to each other, as though all
Were derived from a single cell. Indeed, neoplasms are of
monoclonal origin, as is documented later. Infrequently, diver-
gent differentiation of a single neoplastic clone along two line-
ages creates what are called mixed tumors. The best example
of this is the mixed tumor of salivary gland origin. These tumors

contain epithelial components scattered within a myxoid
stroma that sometimes contains islands of cartilage or bone
(Fig. 7-2). All these elements, it is believed, arise from a single
clone capable of giving rise to epithelial and myoepithelial
cells; thus, the preferred designation of these neoplasms is
pleomorphic adenoma. The great majority of tieoplasms, even
mixed tumors, are composed of cells representative of a single
germ layer. The multifaceted mixed tumors should not be
confused with a teratoma, which contains recognizable mature
or immature cells or tissues representative of more than one
germ cell layer and sometimes all three. Teratomas originate
from totipotential cells such as those normally present in
the ovary and testis and sometimes abnormally present in

FIGURE 7-2 This mixed tumor of the parotid gland contains
epithelial cells forming ducts and myxoid stroma that resembles
cartilage. (Courtesy of Dr. Trace Worrell, University of Texas
Southwestern Medical School, Dallas, TX.)
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FIGURE 7-3 A, Gross appearance of an opened cystic teratoma of the ovary. Note the presence of hair, sebaceous material, and tooth.
B, A microscopic view of a similar tumor shows skin, sebaceous glands, fat cells, and a tract of neural tissue (arrow).

sequestered midline embryonic rests. Such cells have the
capacity to differentiate into any of the cell types found in the
adult body and so, not surprisingly, may give rise to neoplasms
that mimic, in a helter-skelter fashion, bits of bone, epithe-
lium, muscle, fat, nerve, and other tissues. When all the com-
ponent parts are well differentiated, it is a benign (mature)
teratoma; when less well differentiated, it is an immature,
potentially or overtly, malignant teratoma. A particularly
common pattern is seen in the ovarian cystic teratoma
(dermoid cyst), which differentiates principally along ectoder-
mal lines to create a cystic tumor lined by skin replete with
hair, sebaceous glands, and tooth structures (Fig. 7-3).

The nomenclature of the more common forms of neoplasia
is presented in Table 7-1. It is evident from this compilation
that there are some inappropriate but deeply entrenched
usages. For generations, benign-sounding designations such
as lymphoma, melanoma, mesothelioma, and seminoma have
been used for certain malignant neoplasms. The converse is
also true; ominous terms may be applied to trivial lesions.
Hamartomas present as disorganized but benign-appearing
masses composed of cells indigenous to the particular site.
They were once thought to be a developmental malformation,
unworthy of the -oma designation. For example, pulmonary
chondroid harmatoma contains islands of disorganized,
but histologically normal cartilage, bronchi, and vessels.
However, many hamartomas, including pulmonary chondroid
hamartoma, have clonal, recurrent translocations involving
genes encoding certain chromatin proteins.” Thus, through
molecular biology they have finally earned their -oma desig-
nation. Another misnomer is the term choristorna. This con-
genital anomaly is better described as a heterotopic rest of cells.
For example, a small nodule of well-developed and normally
organized pancreatic substance may be found in the submu-
cosa of the stomach, duodenum, or small intestine. This het-
erotopic rest may be replete with islets of Langerhans and
exocrine glands. The term choristoma, connoting a neoplasm,
imparts to the heterotopic rest a gravity far beyond its usual
trivial significance. Although regrettably the terminology of
neoplasms is not simple, it is important because it is the lan-
guage by which the nature and significance of tumors are
categorized.

Characteristics of Benign and
Malignant Neoplasms

Nothing is more important to the individual with a tumor
than being told “It is benign,” and so the differentiation
between benign and malignant tumors is one of the most
important distinctions a pathologist can make. In the great
majority of instances, a benign tumor may be distinguished
from a malignant tumor with considerable confidence on the
basis of morphology. Occasionally, despite the pathologist’s
best efforts, a neoplasm defies categorization. Certain ana-
tomic features may suggest innocence, whereas others point
toward cancerous potential. In a few instances there is not
perfect concordance between the appearance of a neoplasm
and its biologic behavior. In these cases molecular profiling
(see below) or other molecular ancillary tests may provide
useful information. Although an innocent face may mask an
ugly nature, in general, benign and malignant tumors can be
distinguished on the basis of differentiation and anaplasia,
rate of growth, local invasion, and metastasis.

DIFFERENTIATION AND ANAPLASIA

Differentiation refers to the extent to which neoplastic parenchy-
mal cells resemble the corresponding normal parenchymal cells,
both morphologically and functionally; lack of differentiation is
called anaplasia. In general, benign tumors are well differenti-
ated (Figs. 7-4 and 7-5). The neoplastic cell in a benign adi-
pocyte tumor—a lipoma—so closely resembles the normal
cell that it may be impossible to recognize it as a tumor by
microscopic examination of individual cells. Only the growth
of these cells into a discrete mass discloses the neoplastic
nature of the lesion. One may get so close to the tree that one
loses sight of the forest. In well-differentiated benign tumors,
mitoses are extremely scant in number and are of normal
configuration.

Malignant neoplasms are characterized by a wide range of
parenchymal cell differentiation, from surprisingly well dif-
ferentiated (Fig. 7-6) to completely undifferentiated. Certain
well-differentiated adenocarcinomas of the thyroid, for
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Tissue of Origin Benign Malignant
’/—

COMPOSED OF ONE PARENCHYMAL CELL TYPE

Tumors o! Mesenchymal Origin

Connective tissue and derivatives Fibroma Fibrosarcoma
Lipoma Liposarcoma
Chondroma Chondrosarcoma
Osteoma Osteogenic sarcoma

Endothelial and Related Tissues

Hemangioma

Blood vessels
Lymphangioma

Lymph vessels
Synovium
Mesothelium

Brain coverings Meningioma

Blood Cells and Related Cells

Hematopoietic cells
Lymphoic tissue

Muscle
Smooth Leiomyoma
Striated Rhabdomyoma

Tumors of Epithelial Origin

Stratified squamous

Basal cells of skin or adnexa
Epithelizl lining of glands or ducts Adenoma
Papilloma
Cystadenoma
Respiratory passages Bronchial adenoma
Renal epithelium

Liver cells

Urinary tract epithelium (transitional)
Placentai epithelium

Testicular epithelium (germ cells)

Liver cell adenoma

Hydatidiform mole

Tumors of Melanocytes Nevus

Squamous cell papilloma

Renal tubular adenoma

Transitional-cell papilloma

Angiosarcoma
Lymphangiosarcoma
Synovial sarcoma
Mesothelioma
Invasive meningioma

Leukemias
Lymphomas

Leiomyosarcoma
Rhabdomyosarcoma

Squamous cell carcinoma
Basal cell carcinoma
Adenocarcinoma
Papillary carcinomas
Cystadenocarcinoma
Bronchogenic carcinoma
Renal cell carcinoma
Hepatocellular carcinoma
Transitional-cell carcinoma
Choriocarcinoma
Seminoma

Embryonal carcinoma

Malignant melanoma

MORE THAN ONE NEOPLASTIC CELL TYPE—MIXED TUMORS, USUALLY DERIVED FROM ONE GERM CELL LAYER

Salivary glands
salivary origin)
Renal anlage

Pleomorphic adenoma (mixed tumor of

Malignant mixed tumor of salivary gland
origin
Wilms tumor

MORE THAN ONE NEOPLASTIC CELL TYPE DERIVED FROM MORE THAN ONE GERM CELL LAYER—TERATOGENOUS

Totipotential cells in gonads or in
embryonic rests

— —_— —_— = —ee —

example, may form normal-appearing follicles, and some
squamous cell carcinomas contain cells that do not differ cyto-
logically from normal squamous epithelial cells (Fig. 7-7).
Thus, the morphologic diagnosis of malignancy in well-dif-
ferentiated tumors may sometimes be quite difficult. In
between the two extremes lie tumors that are loosely referred
1o as moderately well differentiated.

Malignant neoplasms that are composed of poorly differ-
entiated cells are said to be anaplastic. Lack of differentiation,
Or anaplasia, is considered a hallmark of malignancy. The term
anaplasia literally means “to form backward,” implying a
Teversal of differentiation to a more primitive level. It is

?1{€V€d, however, that most cancers do not represent “reverse
differentiation” of mature normal cells but, in fact, arise from
€ss mature cells with “stem-cell-like” properties, such as tissue

A

Mature teratoma, dermoid cyst

Immature teratoma, teratocarcinoma

stem cells (Chapter 3). In well-differentiated tumors (Fig.
7-7), daughter cells derived from these “cancer stem cells”
retain the capacity for differentiation, whereas in poorly dif-
ferentiated tumors that capacity is lost.

Lack of differentiation, or anaplasia, is often associated with
many other morphologic changes.

© Pleomorphism. Both the cells and the nuclei characteristi-
cally display pleomorphism—variation in size and shape
(Fig.7-8). Thus, cells within the same tumor are not uniform,
but range from large cells, many times larger than their
neighbors, to extremely small and primitive appearing.

© Abnormal nuclear morphology. Characteristically the
nuclei contain abundant chromatin and are dark staining
(hyperchromatic). The nuclei are disproportionately large
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FIGURE 7-4 Leiomyoma of the uterus. This benign, well-differ-
entiated tumor contains interlacing bundles of neoplastic smooth

muscle cells that are virtually identical in appearance to normal
smooth muscle cells in the myometrium.

for the cell, and the nuclear-to-cytoplasm ratio may
approach 1:1 instead of the normal 1:4 or 1:6. The nuclear
shape is variable and often irregular, and the chromatin is
often coarsely clumped and distributed along the nuclear
membrane. Large nucleoli are usually present in these
nuclei.

O Mitoses. As compared with benign tumors and some
well-differentiated malignant neoplasms, undifferentiated
tumors usually possess large numbers of mitoses, reflecting
the higher proliferative activity of the parenchymal cells.
The presence of mitoses, however, does not necessarily indicate
that a tumor is malignant or that the tissue is neoplastic.
Many normal tissues exhibiting rapid turnover, such as
bone marrow, have numerous mitoses, and non-neoplastic
proliferations such as hyperplasias contain many cells in
mitosis. More important as a morphologic feature of malig-
nancy are atypical, bizarre mitotic figures, sometimes
producing tripolar, quadripolar, or multipolar spindles
(Fig. 7-9).

FIGURE 7-5 Benign tumor (adenoma) of the thyroid. Note the
normal-looking (well-differentiated), colloid-filied thyroid follicles.
(Courtesy of Dr. Trace Worrell, University of Texas Southwestern
Medical School, Dallas, TX.)

FIGURE 7-6 Malignant tumor {(adenocarcinoma) of the colon,
Note that compared with the well-formed and normal-looking
glands characteristic of a benign tumor (see Fig. 7-5), the cancer-
ous glands are irregular in shape and size and do not resemble
the normal colonic glands. This tumor is considered differentiated |
because gland formation can be seen. The malignant glands have
invaded the muscular layer of the colon. (Courtesy of Dr. Trace
Worrell, University of Texas Southwestern Medical School, Dallas,
TX.)

O Loss of polarity. In addition to the cytologic abnormalities,
the orientation of anaplastic cells is markedly disturbed (i.e,
they lose normal polarity). Sheets or large masses of tumor
cells grow in an anarchic, disorganized fashion.

O Other changes. Another feature of anaplasia is the
formation of tumor giant cells, some possessing only a
single huge polymorphic nucleus and others having two or
more large, hyperchromatic nuclei (Fig. 7-8). These giant
cells are not to be confused with inflammatory Langhans
or foreign body giant cells, which are derived from macro-
phages and contain many small, normal-appearing nuclei.
Although growing tumor cells obviously require a blood
supply, often the vascular stroma is scant, and in many

anaplastic tumors, large central areas undergo ischemic

necrosis.
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FIGURE 7-7 Well-differentiated squamous cell carcinoma of the
skin. The tumor cells are strikingly similar to normal squamous
epithelial cells, with intercellular bridges and nests of keratll
pearls (arrow). (Courtesy of Dr. Trace Worrell, University of Texas
Southwestern Medical School, Dallas, TX.)



FIGURE 7-
myosarcoma). Note the marked cellular and nuclear pleomor-

phism, hyperchromatic nuclei, and tumor giant cells. (Courtesy
of Dr. Trace Worrell, University of Texas Southwestern Medical
School, Dallas, TX.)

Before we leave the subject of differentiation and anaplasia,
we should discuss metaplasia and dysplasia. Metaplasia is
defined as the replacement of one type of cell with another type.
Metaplasia is nearly always found in association with tissue
damage, repair, and regeneration. Often the replacing cell type
is more suited to a change in environment. For example, gas-
troesophageal reflux damages the squamous epithelium of the
esophagus, leading to its replacement by glandular (gastric or
intestinal) epithelium, more suited to the acidic environment.
Dysplasia is a term that literally means disordered growth.
Dysplasia often occurs in metaplastic epithelium, but not all
metaplastic epithelium is also dysplastic. Dysplasia is encoun-
tered principally in epithelia, and it is characterized by a con-
stellation of changes that include a loss in the uniformity of the
individual cells as well as a loss in their architectural orientation.
Dysplastic cells exhibit considerable pleomorphism and often
contain large hyperchromatic nuclei with a high nuclear-
to-cytoplasmic ratio. The architecture of the tissue may be
disorderly. For example, in squamous epithelium the usual
progressive maturation of tall cells in the basal layer to flat-

?;',‘ 'q’dj"p
oF " o -
. . - ﬂ

FIGURE Anaplastic tumor showing cellular and nuclear

Variation - -
g;latlon In size and shape. The prominent cell in the center field
an abnorma| tripolar spindle.
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tened squames on the surface may be lost and replaced by a
scrambling of dark basal-appearing cells throughout the epi-
thelium. Mitotic figures are more abundant than usual,
although almost invariably they have a normal configuration.
Frequently, however, the mitoses appear in abnormal locations
within the epithelium. For example, in dysplastic stratified
squamous epithelium, mitoses are not confined to the basal
layers but instead may appear at all levels, including surface
cells. When dysplastic changes are marked and involve the
entire thickness of the epithelium but the lesion remains con-
fined by the basement membrane, it is considered a preinva-
sive neoplasm and is referred to as carcinoma in situ (Fig.
7-10). Once the tumor cells breach the basement membrane,
the tumor is said to be invasive. Dysplastic changes are often
found adjacent to foci of invasive carcinoma, and in some
situations, such as in long-term cigarette smokers and persons
with Barrett esophagus, severe epithelial dysplasia frequently
antedates the appearance of cancer. However, dysplasia does
not necessarily progress to cancer. Mild to moderate changes
that do not involve the entire thickness of epithelium may be
reversible, and with removal of the inciting causes the epithe-
lium may revert to normal. Even carcinoma in situ may take
years to become invasive.

As you might presume, the better the differentiation of the
transformed cell, the more completely it retains the functional
capabilities found in its normal counterparts. Thus, benign
neoplasms and well-differentiated carcinomas of endocrine
glands frequently elaborate the hormones characteristic of
their origin. Increased levels of these hormones in the blood
are used clinically to detect and follow such tumors. Well-
differentiated squamous cell carcinomas of the epidermis
elaborate keratin, just as well-differentiated hepatocellular
carcinomas elaborate bile. Highly anaplastic undifferentiated
cells, whatever their tissue of origin, lose their resemblance
to the normal cells from which they have arisen. In some
instances, new and unanticipated functions emerge. Some
tumors may elaborate fetal proteins not produced by compa-
rable cells in the adult. Carcinomas of nonendocrine origin
may produce a variety of hormones. For example, broncho-
genic carcinomas may produce corticotropin, parathyroid-like
hormone, insulin, and glucagon, as well as others. Despite
exceptions, the more rapidly growing and the more anaplastic a
tumor, the less likely it will have specialized functional activity.
The cells in benign tumors are almost always well differentiated
and resemble their normal cells of origin; the cells in cancer are
more or less differentiated, but some derangement of differentia-
tion is always present.

RATES OF GROWTH

A fundamental issue in tumor biology is to understand the
factors that affect the growth rates of tumors and their influence
on clinical outcome and therapeutic responses. One can begin
the consideration of tumor cell kinetics by asking the question:
How long does it take to produce a clinically overt tumor mass?
Itis areasonable estimate the original transformed cell (approx-
imately 10 pm in diameter) must undergo at least 30 popula-
tion doublings to produce 10° cells (weighing approximately
1 gm), which is the smallest clinically detectable mass. In con-
trast, only 10 additional doubling cycles are required to produce
a tumor containing 10" cells (weighing ~1 kg), which is usually
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FIGURE 7-10 A, Carcinoma in situ. This low-power view shows that the entire thickness of the epithelium is replaced by atypical dys-
plastic cells. There is no orderly differentiation of squamous cells. The basement membrane is intact, and there is no tumor in the
subepithelial stroma. B, A high-power view of another region shows failure of normal differentiation, marked nuclear and cellular
pleomorphism, and numerous mitotic figures extending toward the surface. The basement membrane is not seen in this section.

the maximal size compatible with life. These are minimal esti-
mates, based on the assumption that all descendants of the
transformed cell retain the ability to divide and that there is no
loss of cells from the replicative pool. This concept of tumor as
a “pathologic dynamo” is not entirely correct, as we discuss
subsequently. Nevertheless, this calculation highlights an
extremely important concept about tumor growth: By the time
a solid tumor is clinically detected, it has already completed a
major portion of its life span. This is a major impediment in the
treatment of cancer and underscores the need to develop diag-
nostic markers to detect early cancers.

The rate of growth of a tumor is determined by three main
factors: the doubling time of tumor cells, the fraction of tumor
cells that are in the replicative pool, and the rate at which cells
are shed or die. Because cell cycle controls are deranged in most
tumors, tumor cells can be triggered to cycle without the usual
restraints. The dividing cells, however, do not necessarily com-
plete the cell cycle more rapidly than do normal cells. In reality,
total cell cycle time for many tumors is equal to or longer than
that of corresponding normal cells. Thus, it can be safely con-
cluded that growth of tumors is not commonly associated
with a shortening of cell cycle time.

The proportion of cells within the tumor population that
are in the proliferative pool is referred to as the growth fraction.
Clinical and experimental studies suggest that during the
early, submicroscopic phase of tumor growth, the vast major-
ity of transformed cells are in the proliferative pool (Fig.
7—11). As tumors continue to grow, cells leave the proliferative
pool in ever-increasing numbers as a result of shedding, lack
of nutrients, necrosis, apoptosis, differentiation, and reversion
to the nonproliferative phase of the cell cycle (G,). Thus, by
the time a tumor is clinically detectable, most cells are not in
the replicative pool. Even in some rapidly growing tumors, the
growth fraction is only about 20% or less.

Ultimately the progressive growth of tumors and the rate at
which they grow are determined by an excess of cell production
over cell loss. In some tumors, especially those with a relatively
high growth fraction, the imbalance is large, resulting in more
rapid growth than in those in which cell production exceeds
cell loss by only a small margin. Some leukemias and lympho-
mas and certain lung cancers (i.e., small-cell carcinoma) have
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a relatively high growth fraction, and their clinical course is
rapid. By comparison, many common tumors, such as cancers
of the colon and breast, have low growth fractions, and cell
production exceeds cell loss by only about 10%; they tend to
grow at a much slower pace.

Several important conceptual and practical lessons can be
learned from studies of tumor cell kinetics:

© Fast-growing tumors may have a high cell turnover, imply-
ing that rates of both proliferation and apoptosis are high.
Obviously if the tumor is to grow, the rate of proliferation
must exceed that of cell death.

© The growth fraction of tumor cells has a profound effect on
their susceptibility to cancer chemotherapy. Because most
anticancer agents act on cells that are in cycle, it is not diffi-
cult to imagine that a tumor that contains 5% of all cells in
the replicative pool will be slow growing but relatively
refractory to treatment with drugs that kill dividing cells.
One strategy used in the treatment of tumors with low
growth fraction (e.g., cancer of colon and breast) is first to
shift tumor cells from G, into the cell cycle. This can be
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FIGURE 7-11 Schematic representation of tumor growth. As the
cell population expands, a progressively higher percentage of
tumor cells leaves the replicative pool by reversion to G, differ-
entiation, and death.




sccomplished by debulking the tumor with surgery or radi-
ation. The surviving tumor cells tend to enter the cell cycle
and thus become susceptible to drug therapy. Such consid-
erations form the basis of combined-modality treatment.
some aggressive tumors (such as certain lymphomas and
Jeukemias) that contain a large pool of dividing cells literally
melt away with chemotherapy and may even be cured.

We can now return to the question posed earlier: How long
does it take for one transformed cell to produce a clinically
detectable tumor containing 10° cells? If every one of the
daughter cells remained in cell cycle and no cells were shed or
lost, we could anticipate the answer to be 90 days (30 popula-
tion doublings, with a cell cycle time of 3 days). In reality, the
latent period before which a tumor becomes clinically detectable
is unpredictable but typically much longer than 90 days, as long
as many years for most solid tumors, emphasizing once again
that human cancers are diagnosed only after they are fairly
advanced in their life cycle. After they become clinically detect-
able, the average volume-doubling time for such common
killers as cancer of the lung and colon is about 2 to 3 months.
As might be anticipated from the discussion of the variables
that affect growth rate, however, the range of doubling time
values is extremely broad, varying from less than 1 month for
some childhood cancers to more than 1 year for certain sali-
vary gland tumors. Cancer is indeed an unpredictable group
of disorders.

In general, the growth rate of tumors correlates with their level
of differentiation, and thus most malignant tumors grow more
rapidly than do benign lesions. There are, however, many excep-
tions to such an oversimplification. Some benign tumors have
a higher growth rate than malignant tumors. Moreover, the
rate of growth of benign as well as malignant neoplasms may
not be constant over time. Factors such as hormonal stimula-
tion, adequacy of blood supply, and unknown influences may
affect their growth. For example, the growth of uterine leio-
myomas (benign smooth muscle tumors) may change over
time because of hormonal variations. Not infrequently,
repeated clinical examination of women bearing such neo-
plasms over the span of decades discloses no significant increase
in size. After menopause the neoplasms may atrophy and may
be replaced largely by collagenous, sometimes calcified, tissue.
During pregnancy leiomyomas frequently enter a growth
spurt. Such changes reflect the responsiveness of the tumor
cells to circulating levels of steroid hormones, particularly
estrogens. Cancers show a wide range of growth. Some malig-
nant tumors grow slowly for years and then suddenly increase
In size, explosively disseminating to cause death within a few
months of discovery. It is possible that such behavior results
from the emergence of an aggressive subclone of transformed
cells. At the other extreme are malignant neoplasms that grow
Mote slowly than do benign tumors and may even enter periods
O_dermancy lasting for years. On occasion, cancers decrease in
Slz¢ and even spontaneously disappear, but such “miracles” are
fare enough that they remain intriguing curiosities.

CANCI

STEM CELLS AND CANCER
CELL |

EAGES

The Continued growth and maintenance of many tissues that
€Ontain short-lived cells, such as the formed elements of the
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blood and the epithelial cells of the gastrointestinal tract and
skin, require a resident population of tissue stem cells that are
long-lived and capable of self-renewal. Tissue stem cells are
rare and exist in a niche created by support cells, which
produce paracrine factors that sustain the stem cell.* Recall
from Chapter 3 that tissue stem cells divide asymmetrically to
produce two types of daughter cells—those with limited pro-
liferative potential, which undergo terminal differentiation
and die, and those that retain stem cell potential.

Cancers are immortal and have limitless proliferative capac-
ity, indicating that like normal tissues, they also must contain
cells with “stemlike” properties.>® The concept of cancer stem
cells has several important implications. Most notably, if
cancer stem cells are essential for tumor persistence, it follows
that these cells must be eliminated to cure the affected patient.
It is hypothesized that like normal stem cells, cancer stem cells
have a high intrinsic resistance to conventional therapies,
because of their low rate of cell division and the expression of
factors, such as multiple drug resistance-1 (MDR1), that
counteract the effects of chemotherapeutic drugs.>® Thus, the
limited success of current therapies may in part be explained
by their failure to kill the malignant stem cells that lie at the
root of cancer. Cancer stemn cells could arise from normal
tissue stem cells or from more differentiated cells that, as part
of the transformation process, acquire the property of self-
renewal. Studies of certain leukemias (Chapter 13) support
both of these possibilities. For example, chronic myelogenous
leukemia (CML) originates from the malignant counterpart
of a normal hematopoietic stem cell, whereas certain acute
myeloid leukemias (AMLs) are derived from more differenti-
ated myeloid precursors that acquire an abnormal capacity for
self-renewal. The identification of “leukemia stem cells” has
spurred the search for cancer stem cells in solid tumors. Most
such studies have focused on the identification of tumor-ini-
tiating cells (T-ICs), which are defined as cells that allow a
human tumor to grow and maintain itself indefinitely when
transplanted into an immunodeficient mouse. T-ICs have
been identified in several human tumors, including breast
carcinoma, glioblastoma multiforme, colon cancer, and
AML,>® in which they constitute 0.1% to 2% of the total
cellularity.

More recent studies have shown that in some cancers, T-1Cs
are very common, representing 25% of the total cellularity.’
Thus some tumors may have a small number of T-ICs that
then “differentiate” to form the bulk of the tumor, while other
tumors may be primarily composed of T-ICs. In the future, it
will be important to identify the tumerigenic population in
each tumor to direct therapy against tumor stem cells. An
emerging theme is that the genes and pathways that maintain
cancer stem cells are the same as those that regulate normal
tissue stem cell homeostasis. Examples include BMI1, a com-
ponent of the polycomb chromatin-remodeling complex that
promotes “stem-ness” in both normal hematopoietic and leu-
kemic stem cells; and the WNT pathway, a key regulator of
normal colonic crypt stem cells that has been implicated in
the maintenance of colonic adenocarcinoma “stem cells.”*'
Important remaining questions revolve around whether T-ICs
are an accurate measure of cancer stem cells, if cancer stem
cells remain dependent on the “niche” that supports normal
stem cells, and if it will be possible to selectively target cancer
cell “stem-ness” factors.
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FIGURE 7-12 Fibroadenoma of the breast. The tan-colored,
encapsulated small tumor is sharply demarcated from the whiter
breast tissue.

LOCAL INVASION

Nearly all benign tumors grow as cohesive expansile masses
that remain localized to their site of origin and do not
have the capacity to infiltrate, invade, or metastasize to distant
sites, as do malignant tumors. Because they grow and expand
slowly, they usually develop a rim of compressed connective
tissue, sometimes called a fibrous capsule, which separates
them from the host tissue. This capsule is derived largely from
the extracellular matrix of the native tissue due to atrophy of
normal parenchymal cells under the pressure of an expanding
tumor. Such encapsulation does not prevent tumor growth,
but it keeps the benign neoplasm as a discrete, readily palpa-
ble, and easily movable mass that can be surgically enucleated
(Figs. 7-12 and 7-13). Although a well-defined cleavage plane
exists around most benign tumors, in some it is lacking. For
example, hemangiomas (neoplasms composed of tangled
blood vessels) are often unencapsulated and may appear to
permeate the site in which they arise (commonly the dermis
of the skin).

The growth of cancers is accompanied by progressive infiltra-
tion, invasion, and destruction of the surrounding tissue. In
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FIGURE 7-12 Microscopic view of fibroadenoma of the breast
seen in Figure 7-12. The fibrous capsule (right) delimits the tumor
from the surrounding tissue. (Courtesy of Dr. Trace Worrell, Uni-
versity of Texas Southwestern Medical School, Dallas, TX.)
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FIGURE 7-14 Cut section of an invasive ductal carcinoma of the
breast. The lesion is retracted, infiltrating the surrounding breast
substance, and would be stony hard on palpation.

general, malignant tumors are poorly demarcated from the
surrounding normal tissue, and a well-defined cleavage plane
is lacking (Figs. 7-14 and 7-15). Slowly expanding malignant
tumors, however, may develop an apparently enclosing fibrous
capsule and may push along a broad front into adjacent
normal structures. Histologic examination of such pseudo-
encapsulated masses almost always shows rows of cells pene-
trating the margin and infiltrating the adjacent structures, a
crablike pattern of growth that constitutes the popular image
of cancer.

Most malignant tumors are obviously invasive and can be
expected to penetrate the wall of the colon or uterus, for
example, or fungate through the surface of the skin. They
recognize no normal anatomic boundaries. Such invasiveness
makes their surgical resection difficult or impossible, and even
if the tumor appears well circumscribed it is necessary to
remove a considerable margin of apparently normal tissues
adjacent to the infiltrative neoplasm. Next to the development

seen in Figure 7-14 illustrates the invasion of breast stroma an
fat by nests and cords of tumor cells {compare with fibroadenoma
shown in Fig. 7-13). The absence of a well-defined capsule should
be noted. (Courtesy of Dr. Trace Worrell, University of Texas
Southwestern Medical School, Dallas, TX.)



metastases, invasiveness is the most reliable feature that dif-
oerentigtes malignant from benign tumors. We noted earlier that
some cancers seem to evolve from a preinvasive'stage rf:ferred
to as carcinoma in situ. Thi§ commor}ly occurs in carcinomas
of the skin, breast, and certain othf:r sites and is best 111u_stratefi
by carcinoma of the uterine cerv1x'(Chapter 22).In situ epi-
thelial cancers display the cytologic features of malignancy
without invasion of the basement m_embr.ane. They may be con-
sidered one step removed from invasive cancer; with time,
most penetrate the basement membrane and invade the

subepithelial stroma.

METASTASIS

Metastases are tumor implants discontinuous with the primary
tumor. Metastasis unequivocally marks a tumor as malignant
because benign neoplasms do not metastasize. The invasiveness
of cancers permits them to penetrate into blood vessels, lym-
phatics, and body cavities, providing the opportunity for
spread. With few exceptions, all malignant tumors can metasta-
size. The major exceptions are most malignant neoplasms of
the glial cells in the central nervous system, called gliomnas, and
basal cell carcinomas of the skin. Both are locally invasive
forms of cancer, but they rarely metastasize. It is evident then
that the properties of invasion and metastasis are separable.

In general, the more aggressive, the more rapidly growing,
and the larger the primary neoplasm, the greater the likeli-
hood that it will metastasize or already has metastasized. There
are innumerable exceptions, however. Small, well-differenti-
ated, slowly growing lesions sometimes metastasize widely;
conversely, some rapidly growing, large lesions remain local-
ized for years. Many factors relating to both invader and host
are involved.

Approximately 30% of newly diagnosed individuals with
solid tumors (excluding skin cancers other than melanomas)
present with metastases. Metastatic spread strongly reduces
the possibility of cure; hence, short of prevention of cancer,
no achievernent would be of greater benefit to patients than
methods to block metastases.

Pathways of Spread

Dissemination of cancers may occur through one of three
pathways: (1) direct seeding of body cavities or surfaces, (2)
lY'mphatic spread, and (3) hematogenous spread. Although
direct transplantation of tumor cells, as for example on surgi-
cal instruments, may theoretically occur, it is rare and we do
not discuss this artificial mode of dissemination further. Each
of the three major pathways is described separately.

Seeding of Body Cavities and Surfaces. Seeding of body
Cavities and surfaces may occur whenever a malignant neo-
Plasm penetrates into a natural “open field” Most often
Ivolved is the peritoneal cavity (Fig. 7-16), but any other
Cavity—opleural, pericardial, subarachnoid, and joint space—
May be affected. Such seeding is particularly characteristic
of carcinomas arising in the ovaries, when, not infrequently,
all peritoncal surfaces become coated with a heavy layer of
fancerous glaze. Remarkably, the tumor cells may remain
Co'nﬁned to the surface of the coated abdominal viscera
-w‘thO_Ut penetrating into the substance. Sometimes mucus-
Secreting appendiceal carcinomas fill the peritoneal cavity
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FIGURE 7-16 Colon carcinoma invading pericolonic adipose
tissue. (Courtesy of Dr. Melissa Upton, University of Washington,
Seattle, WA.)

with a gelatinous neoplastic mass referred to as pseudomyx-
oma peritonei.

Lymphatic Spread. Transport through lymphatics is the
most common pathway for the initial dissemination of carci-
nomas (Fig. 7-17), and sarcomas may also use this route.
Tumors do not contain functional lymphatics, but lymphatic
vessels located at the tumor margins are apparently sufficient
for the lymphatic spread of tumor cells.! The emphasis on
lymphatic spread for carcinomas and hematogenous spread
for sarcomas is misleading, because ultimately there are
numerous interconnections between the vascular and the
lymphatic systems. The pattern of lymph node involvement
follows the natural routes of lymphatic drainage. Because carci-
nomas of the breast usually arise in the upper outer quadrants,
they generally disseminate first to the axillary lymph nodes.
Cancers of the inner quadrants drain to the nodes along the
internal mammary arteries. Thereafter the infraclavicular
and supraclavicular nodes may become involved. Carcinomas
of the lung arising in the major respiratory passages metasta-
size first to the perihilar tracheobronchial and mediastinal
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Axillary lymph node with metastatic breast carci-
noma. The subcapsular sinus (top) is distended with tumaor cells.
Nests of tumor cells have also invaded the subcapsular cortex.
(Courtesy of Dr. Trace Worrell, University of Texas Southwestern
Medical School, Dallas, TX.)

FIGURE 7-17
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nodes. Local lymph nodes, however, may be bypassed—
so-called “skip metastasis”—because of venous-lymphatic
anastomoses or because inflammation or radiation has oblit-
erated lymphatic channels.

In breast cancer, determining the involvement of axillary
lymph nodes is very important for assessing the future course
of the disease and for selecting suitable therapeutic strategies.
To avoid the considerable surgical morbidity associated with
a full axillary lymph node dissection, biopsy of sentinel nodes
is often used to assess the presence or absence of metastatic
lesions in the lymph nodes. A sentinel lymph node is defined
as “the first node in a regional lymphatic basin that receives
lymph flow from the primary tumor.”** Sentinel node mapping
can be done by injection of radiolabeled tracers and blue dyes,
and the use of frozen section upon the sentinel lymph node
at the time of surgery can guide the surgeon to the appropriate
therapy. Sentinel node biopsy has also been used for detect-
ing the spread of melanomas, colon cancers, and other
tumors.'>"

In many cases the regional nodes serve as effective barriers
to further dissemination of the tumor, at least for a while.
Conceivably the cells, after arrest within the node, may be
destroyed by a tumor-specific immune response. Drainage of
tumor cell debris or tumor antigens, or both, also induces
reactive changes within nodes. Thus, enlargement of nodes
may be caused by (1) the spread and growth of cancer cells or
(2) reactive hyperplasia (Chapter 13). Therefore, nodal enlarge-
ment in proximity to a cancer, while it must arouse suspicion,
does not necessarily mean dissemination of the primary lesion.

Hematogenous Spread. Hematogenous spread is typical
of sarcomas but is also seen with carcinomas. Arteries, with
their thicker walls, are less readily penetrated than are veins.
Arterial spread may occur, however, when tumor cells pass
through the pulmonary capillary beds or pulmonary arterio-
venous shunts or when pulmonary metastases themselves give
rise to additional tumor emboli. In such vascular spread,
several factors influence the patterns of distribution of the
metastases. With venous invasion the blood-borne cells follow
the venous flow draining the site of the neoplasm, and the
tumor cells often come to rest in the first capillary bed they
encounter. Understandably the liver and lungs are most fre-
quently involved in such hematogenous dissemination (Figs.
7-18 and 7-19), because all portal area drainage flows to the
liver and all caval blood flows to the lungs. Cancers arising in
close proximity to the vertebral column often embolize
through the paravertebral plexus, and this pathway is involved
in the frequent vertebral metastases of carcinomas of the
thyroid and prostate.

Certain cancers have a propensity for invasion of veins.
Renal cell carcinoma often invades the branches of the renal
vein and then the renal vein itself to grow in a snakelike
fashion up the inferior vena cava, sometimes reaching the
right side of the heart. Hepatocellular carcinomas often pen-
etrate portal and hepatic radicles to grow within them into the
main venous channels. Remarkably, such intravenous growth
may not be accompanied by widespread dissemination. His-
tologic evidence of penetration of small vessels at the site of
the primary neoplasm is obviously an ominous feature. Such
changes, however, must be viewed guardedly because, for
reasons discussed later, they do not indicate the inevitable
development of metastases.

FIGURE 7-18 A liver studded with metastatic cancer.

Many observations suggest that mere anatomic localization
of the neoplasm and natural pathways of venous drainage do
not wholly explain the systemic distributions of metastases,
For example, breast carcinoma preferentially spreads to
bone, bronchogenic carcinomas tend to involve the adrenals
and the brain, and neuroblastomas spread to the liver and
bones. Conversely, skeletal muscles and the spleen, despite the
large percentage of blood flow they receive and the enormous:
vascular beds present, are rarely the site of secondary deposits,
The probable basis of such tissue-specific homing of tumor
cells is discussed later.

The distinguishing features of benign and malignant tumors
discussed in this overview are summarized in Table 72 and
Figure 7-20. With this background on the structure and
behavior of neoplasms, we now discuss the origin of tumors,
starting with insights gained from the epidemiology of cancer
and followed by the molecular basis of carcinogenesis.

Epidemiology

Because cancer is a disorder of cell growth and behavior, its
ultimate cause has to be defined at the cellular and subcellular
levels. Study of cancer patterns in populations, however, can
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FIGURE 7-18  Microscopic view of liver metastasis. A pancreatic

adenocarcinoma has formed a metastatic nodule in the liver.
(Courtesy of Dr. Trace Worrell, University of Texas Southwestern
Medical School, Dallax, TX.)
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TABLE 7-2 Comparisons between Benign and Malignant Tumors
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Malignant

o rentiation/anaplasia | iat
tissue of origin

Rate of growth

Well differentiated; structure sometimes typical of

Usually progressive and slow; may come to a
standstill or regress; mitotic figures rare and normal

pizvasion Usually cohesive expansile well-demarcated masses
that do not invade or infiltrate surrounding normal
tissues
Metastasis Absent

Some lack of differentiation with anaplasia;
structure often atypical

Erratic and may be slow to rapid; mitotic
figures may be numerous and abnormal

Locally invasive, infiltrating surrounding
tissue; sometimes may be seemingly
cohesive and expansile

Frequently present; the larger and more
undifferentiated the primary, the more likely
are metastases

contribute substantially to knowledge about the origins of
cancer. Epidemiologic studies have established the causative
link between smoking and lung cancer, and comparison of
diet and cancer rates in the Western world and Africa has
1mPhcated high dietary fat and low fiber in the development

of colon cancer. Major insights into the causes of cancer can
_be obtained by epidemiologic studies that relate particular
environmentai, racial (possibly hereditary), and cultural influ-
ences to the occurrence of specific neoplasms. Certain diseases
associated with an increased risk of developing cancer (pre-
neoplastic disorders) also provide clues to the pathogenesis of
cancer. In the following discussion we first summarize the
overall incidence of cancer to gain an insight into the magni-
tude of the cancer problem, then we review some factors

Endometrium

BENIGN
(Leiomyoma)

Small
Well demarcated
Slow growing

Noninvasive
Nonmetastatic
Well differentiated

FIGURE 729
£Ie'Omyosarcoma)

Faliopian tube —— —
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relating to the patient and environment that influence the
predisposition to cancer.

CANCER INCIDENCE

In some measure, an individual’s likelihood of developing a
cancer is expressed by national incidence and mortality rates.
For example, residents of the United States have about a one
in five chance of dying of cancer. There were, it is estimated,
about 1,437,180 new cancer cases and 565,650 deaths from
cancer in 2008, representing 23% of all mortality,' a frequency
surpassed only by deaths caused by cardiovascular diseases.
These data do not include an additional 1 million, for the most
part readily curable, non-melanoma cancers of the skin and

MALIGNANT
(Leiomyosarcoma)

Large

Poorly demarcated

Rapidly growing with
hemorrhage and necrosis

Locally invasive
Metastatic
Poorly differentiated

Comparlson between a benign tumor of the myometrium {leiomyoma) and a malignant tumor of the same origin
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FIGURE 7-21 Cancer incidence and mortality by site and sex. Excludes basal cell and squamous cell skin cancers and in situ carcino-

mas, except urinary bladder. (Adapted from Jemal A et al.: Cancer statistics, 2008. CA Cancer J Clin 58:2, 2008.)

122,000 cases of carcinoma in situ, largely of the female breast
and melanomas.' The major organ sites affected and the esti-
mated frequency of cancer deaths are shown in Figure 7-21.
The most common tumors in men arise in the prostate, lung,
and colorectum. In women, cancers of the breast, lung, and
colon and rectum are the most frequent. Cancers of the lung,
female breast, prostate, and colon/rectum constitute more
than 50% of cancer diagnoses and cancer deaths in the U.S.
population.'

The age-adjusted death rates (number of deaths per 100,000
population) for many forms of cancer have significantly
changed over the years. Many of the long-term comparisons
are noteworthy. Over the last 50 years of the twentieth century,
theoverallage-adjusted cancer death ratesignificantlyincreased
in both men and women. However, since 1995 the cancer inci-
dence rate in men has stabilized and since 1990 the cancer
death rate in men has decreased 18.4%." In women the cancer
incidence rate stabilized in 1995, and the cancer death rate has
decreased 10.4% since 1991." Among men nearly 80% of the
total decrease in cancer death rates isaccounted for by decreases
in death rates from lung, prostate, and colorectal cancers since
1990.! Among women nearly 60% of the decrease in cancer
death rates is due to reductions in death rates from breast and
colorectal cancers.' Nearly 40% of the sex-specific decreases in
cancer death rates is accounted for by a reduction in lung
cancer deaths in men and breast cancer deaths in women.'
Decreased use of tobacco products is responsible for the reduc-
tion in lung cancer deaths, while improved detection and treat-
ment are responsible for the decrease in death rates for
colorectal, female breast, and prostate cancer.! The last half
century has seen a decline in the number of deaths caused by
cervical cancer that relates to earlier diagnosis made possible
by the Papanicolaou (Pap) smear. The downward trend in
deaths from stomach cancer has been attributed to a decrease
in some dietary carcinogens, as a consequence of better food

preservation or changes in dietary habits. Unfortunately,
between 1990-1991 and 2004, lung cancer death rates in
wormen, and liver and intrahepatic bile duct cancer death rates
in men, increased substantially, offsetting some of the improve-
ment in survival from other cancers.' Indeed, although in
women carcinomas of the breast occur about 2.5 times more
frequently than those of the lung, lung cancer has become the
leading cause of cancer deaths in women. Deaths from primary
liver cancers, which declined between 1930 and 1970, have
approximately doubled during the past 30 years. This number
is expected to increase over the coming decades, as the large
number of individuals infected with the hepatitis C virus
(HCV) begin to develop hepatocellular carcinoma.
Although race is not a strict biologic category, it can define
groups at risk for certain cancers.'*"” The disparity in cancer
mortality rates between white and black Americans persists,
but African Americans had the largest decline in cancer mor-
tality during the past decade. Hispanics living in the United
States have a lower frequency of the most common tumors
than the white non-Hispanic population but a higher inci-
dence of tumors of the stomach, liver, uterine cervix, and
gallbladder, as well as certain childhood leukemias.

GEOGRAPHIC AND ENVIRONMENTAL
FACTORS

Although genetics and environmental triggers both play a role
in the pathogenesis of cancer, environmental factors ar€
thought to be the more significant contributors in most
common sporadic cancers. In one large study the proportion
of risk from environmental causes was found to be 65%»
whereas heritable factors contributed 26% to 42% of cancéf
risk. Remarkable differences found in the incidence and
death rates of specific forms of cancer around the world als0
suggest a role for environmental factors.'*" For example, the
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FIGURE 7-22 The change in incidence of various cancers with
migration from Japan to the United States provides evidence that
the occurrence of cancers is related to components of the envi-
ronment that differ in the two countries. The incidence of each
kind of cancer is expressed as the ratio of the death rate in the
population being considered to that in a hypothetical population
of California whites with the same age distribution; the death
rates for whites are thus defined as 1. The death rates among
immigrants and immigrants’ sons tend consistently toward
California norms. (From Cairns J: The cancer problem. In Read-
ings from Scientiific American—Cancer Biology. New York, WH
Freeman, 1986, p 13.)

death rate for stomach carcinoma in both men and women is
seven to eight times higher in Japan than in the United States.
In contrast, the death rate from carcinoma of the lung is
slightly more than twice as great in the United States as in
Japan. Although racial predispositions cannot be ruled out, it
is generally believed that most of these geographic differences
are the consequence of environmental influences. Indeed,
comparing mortality rates for Japanese immigrants to the
United States and Japanese born in the United States of immi-
grant parents (Nisei) with those of long-term residents of both
countries shows that cancer mortality rates for first-genera-
tion Japanese immigrants are intermediate between those of
natives of Japan and natives of California, and the two rates
come closer with each passing generation (Fig. 7-22). This
POINts strongly to environmental and cultural factors rather
than genetic predisposition.

There is no paucity of carcinogenic environmental factors:
they lurk in the ambient environment, in the workplace, in
food, and in personal practices. Individuals may be exposed
10 carcinogenic factors when they go outside (ultraviolet [UV]
1ays, smog), in their medication (methotrexate), at work
(aSbestOS, vinyl chloride; Table 7-3), or at home (high-fat diet,
31C9h01)-. Overall, mortality data indicate that the most over-
‘;V:(llgélztomdividuals iI_l the U.S. population have a 52% (men.)
slim % (wemen) higher death rate from cancer th_an do th.elr
1 Mer counterparts. Indeed, obesity is associated with
‘&%Omlrslately 14% of cancer deaths in men and 20% in
b 1.7 Alcohol abuse algne increases the risk of carcinomas

€ oropharynx (excluding lip), larynx, and esophagus and,

CHAPTER 7 Neoplasia 273

by the development of alcoholic cirrhosis, hepatocellular car-
cinoma. Smoking, particularly of cigarettes, has been impli-
cated in cancer of the mouth, pharynx, larynx, esophagus,
pancreas, bladder, and most significantly, about 90% of lung

- cancer deaths (Chapter 9). Cigarette smoking has been called

the single most important environmental factor contributing
to premature death in the United States. Alcohol and tobacco
together synergistically increase the danger of incurring
cancers in the upper aerodigestive tract. The risk of cervical
cancer is linked to age at first intercourse and the number of
sex partners, and it is now known that infection by venereally
transmitted human papillomavirus (HPV) contributes to cer-
vical dysplasia and cancer. It appears that almost everything
one does to gain a livelihood or for pleasure is fattening,
immoral, illegal, or, even worse, oncogenic.

AGE

Age has an important influence on the likelihood of being
afflicted with cancer. Most carcinomas occur in the later years
of life (>55 years). Cancer is the main cause of death among
women aged 40 to 79 and among men aged 60 to 79; the
decline in deaths after age 80 is due to the lower number of
individuals who reach this age. The rising incidence with age
may be explained by the accumulation of somatic mutations
associated with the emergence of malignant neoplasms (dis-
cussed later). The decline in immune competence that accom-
panies aging may also be a factor.

However, children are not spared; cancer accounts for
slightly more than 10% of all deaths in children under age 15
in the United States, second only to accidents. However, the
types of cancers that predominate in children are significantly
different from those seen in adults. Carcinomas, the most
common general category of tumor in adults, are extraordi-
narily rare among children. Instead, acute leukemia and prim-
itive neoplasms of the central nervous system are responsible
for approximately 60% of childhood cancer deaths. The
common neoplasms of infancy and childhood include the so-
called small round blue cell tumors such as neuroblastoma,
Wilms tumor, retinoblastoma, acute leukemias, and rhabdo-
myosarcomas. These are discussed in Chapter 10 and else-
where in the text.

GENETIC PREDISPOSITION
TO CANCER

One frequently asked question is: “My mother and father both
died of cancer. Does that mean I am doomed to get it?” Based
on current knowledge, the answer must be carefully quali-
fied."”* Evidence now indicates that for a large number of
cancer types, including the most common forms, there exist
not only environmental influences but also hereditary predis-
positions. For example, lung cancer is in most instances clearly
related to cigarette smoking, yet mortality from lung cancer
has been shown to be four times greater among nonsmoking
relatives (parents and siblings) of lung cancer patients than
among nonsmoking relatives of controls (the effects of second-
hand smoke may confound some of these results). Less than
10% of cancer patients have inherited mutations that predis-
pose to cancer, and the frequency is even lower (around 0.1%)
for certain types of tumors. Despite the low frequency, the
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TABLE 7-3 Occupational Cancers

Human Cancer Site for Which

Agents or Groups of Agents

Reasonable Evidence Is Available

Typical Use or Occurrence

Arsenic and arsenic compounds

Asbestos Lung, mesothelioma;
gastrointestinal tract
(esophagus, stomach, large
intestine)

Benzene Leukemia, Hodgkin lymphoma

Beryllium and beryllium compounds Lung

Cadmium and cadmium compounds Prostate
Chromium compounds Lung
Nickel compounds Nose, lung
Radon and its decay products Lung

Vinyl chloride Angiosarcoma, liver

Lung, skin, hemangiosarcoma

Byproduct of metal smelting; component of alloys,
electrical and semiconductor devices, medicationg
and herbicides, fungicides, and animal dips

Formerly used for many applications because of
fire, heat, and friction resistance; still found in
existing construction as well as fire-resistant
textiles, friction materials (i.e., brake linings),
underlayment and roofing papers, and floor tiles

Principal component of light oil; despite known risk,
many applications exist in printing and
lithography, paint, rubber, dry cleaning, adhesives
and coatings, and detergents; formerly widely
used as solvent and fumigant \

Missile fuel and space vehicles; hardener for
lightweight metal alloys, particularly in aerospace
applications and nuclear reactors

found in solders; used in batteries and as alloy

Uses include yellow pigments and phosphors; \
and in metal platings and coatings

Component of metal alloys, paints, pigments, and
preservatives

Nickel plating; component of ferrous alloys, |
ceramics, and batteries; by-product of stainless-
steel arc welding

From decay of minerals containing uranium;
potentially serious hazard in quarries and
underground mines

Refrigerant; monomer for vinyl polymers; adhesive
for plastics; formerly inert aerosol propellant in
pressurized containers

Modified from Stellman JM, Stellman SD: Cancer and workplace. CA Cancer J Clin 46:70, 1996.

recognition of inherited predisposition to cancer has had a
major impact on the understanding of cancer pathogenesis.
Moreover, genes that are causally associated with cancers that
have a strong hereditary component are generally also involved
in the much more common sporadic forms of the same tumor.
Genetic predisposition to cancer can be divided into three
categories (Table 7—4).

Autosomal Dominant Inherited Cancer Syndromes. In-
herited cancer syndromes include several well-defined cancers
in which inheritance of a single autosomal dominant mutant
gene greatly increases the risk of developing a tumor. The
inherited mutation is usually a point mutation occurring in a
single allele of a tumor suppressor gene. The silencing of the
second allele occurs in somatic cells, generally as a conse-
quence of deletion or recombination. Childhood retino-
blastoma is the most striking example in this category.
Approximately 40% of retinoblastomas are inherited. Carriers
of a mutant of the RB tumor suppressor gene have a 10,000-fold
increased risk of developing retinoblastoma, usually bilateral.
They also have a greatly increased risk of developing a second
cancer, particularly osteosarcoma. Familial adenomatous pol-
yposis is an autosomal dominant hereditary disorder caused
by mutation of the adenomatous polyposis coli (APC) tumor
suppressor gene. Other autosomal dominant cancer syn-

dromes include Li-Fraumeni syndrome resulting from germ-
line mutations of the p53 gene; multiple endocrine neoplasia
types 1 and 2 (MEN-1 and MEN-2) caused by mutation in
the genes that encode the menin transcription factor and the
RET tyrosine kinase, respectively; hereditary nonpolyposis
colon cancer (HNPCC), a condition caused by inactivation of
a DNA mismatch repair gene (also listed below among repaif
defects); and several others listed in Table 7—4.

There are several features that characterize inherited cancer
syndromes:

© In each syndrome, tumors tend to arise in specific sites and
tissues, although they may involve more than one site-
There is no increase in predisposition to cancers in generak
For example, in MEN-2, thyroid, parathyroid, and adrenalﬁ
are involved, while in MEN-1, the pituitary, paratherld»
and pancreas are involved. Patients with familial adenoma:
tous polyposis develop innumerable polypoid adenomas of
the colon, and virtually 100% of those affected develop @
colonic adenocarcinoma by age 50. The one exception ©
this tumor specific tissue involvement is Li-Fraument
syndrome.

© Tumors within this group are often associated with a spe
cific marker phenotype. For example, there may be multiplé
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|NHERITED CANCER SYNDROMES {AUTOSOMAL DOMINANT)
. o

- Inherited Predisposition

RB Retinoblastoma
Li-Fraumeni syndrome (various tumors)
p53
KaA Melanoma
p16/lN - .
APC Familial adenomatous polyposis/colon cancer

Neurofibromatosis 1 and 2

Breast and ovarian tumors

Multiple endocrine neoplasia 1 and 2
Hereditary nonpolyposis colon cancer
Nevoid basal cell carcinoma syndrome
PTEN Cowden syndrome (epithelial cancers)
LKB1 Peutz-Jegher syndrome (epitheilial cancers)
VHL Renal cell carcinomas

NF1, NF2

BRCAT, BRLCAZ
MEN1, RE i

MSH2, MLH 1. MSHE
PTCH

INHERITED AUTOSOMAL RECESSIVE SYNDROMES OF DEFECTIVE DNA REPAIR

Xeroderma pigmentosum
Ataxia-telangiectasia
Bloom syndrome

Fanconi anemia

FAMILIAL CANCERS

Breast cancer
Qvarian cancer
Pancreatic cancer
 B— -

benign tumors in the affected tissue, as occurs in familial
polyposis of the colon and in MEN. Sometimes, there are
abnormalities in tissue that are not the target of transfor-
mation (e.g., Lisch nodules and café-au-lait spots in neu-
rofibromatosis type 1; see Chapter 27).

As in other autosomal dominant conditions, both incom-
plete penetrance and variable expressivity occur.

Defective DNA-Repair Syndromes. Besides the domi-
nantly inherited precancerous conditions, a group of cancer-
predisposing conditions is collectively characterized by defects
in DNA repair and resultant DNA instability. These conditions
generally have an autosomal recessive pattern of inheritance.
Included in this group are xeroderma pigmentosum, ataxia-
telangiectasia, and Bloom syndrome, all rare diseases charac-
terized by genetic instability resulting from defects in
DNA-repair genes. Also included here is HNPCC, an autoso-
mfll dominant condition caused by inactivation of a DNA
mismatch repair gene.”’ HNPCC is the most common cancer
Predisposition syndrome, increasing the susceptibility of
cancer of the colon, the small intestine, endometrium, and
ovary (Chapter 17).

Familial Cancers. Besides the inherited syndromes of
€ancer susceptibility, cancer may occur at higher frequency in
Certain families without a clearly defined pattern of transmis-
$1on. Virtually all the common types of cancers that occur
SPoradically have also been reported to occur in familial forms.
Exa_mples include carcinomas of colon, breast, ovary, and
Yain, as well as melanomas and lymphomas. Features that
haracterize familial cancers include early age at onset, tumors
?rzsmg in two or more close relatives of the index case, and
Ometimes, multiple or bilateral tumors. Familial cancers are
M0t associated with specific marker phenotypes. For example,

Familial clustering of cases, but role of inherited predisposition not clear for each individual

in contrast to the familial adenomatous polyp syndrome,
familial colonic cancers do not arise in preexisting benign
polyps. The transmission pattern of familial cancers is not
clear. In general, siblings have a risk between two and three
times greater than unrelated individuals. Segregation analyses
of large families usually show that predisposition to the tumors
is dominant, but multifactorial inheritance cannot be easily
ruled out. It is likely that familial susceptibility to cancer may
depend on multiple low-penetrance alleles, each contributing
to only a small increase in the risk of tumor development.
Genome-wide association studies show great promise in iden-
tifying such alleles (Chapter 5).” It has been estimated that
10% to 20% of patients with breast or ovarian cancer have a
first- or second-degree relative with one of these tumors.
Although two breast cancer susceptibility genes,named BRCA1
and BRCA2, have been identified, mutation of these genes
occurs in no more than 3% of breast cancers.”® A similar situ-
ation occurs in familial melanomas, in which a mutation of
the pI16 tumor suppressor gene has been identified. However,
mutation in this gene accounts for only about 20% of familial
melanoma kindreds, suggesting that other factors are involved
in the familial predisposition.”

Interactions between Genetic and Nongenetic Factors.
What can be said about the influence of heredity on the major-
ity of malignant neoplasms? It could be argued that they are
largely of environmental origin, but lack of family history does
not preclude an inherited component. It is generally difficult
to sort out the hereditary and acquired basis of a tumor,
because these factors often interact closely. The interaction
between genetic and nongenetic factors is particularly complex
when tumor development depends on the action of multiple
contributory genes. Even in tumors with a well-defined inher-
ited component, the risk of developing the tumor can be
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greatly influenced by nongenetic factors. For instance, breast
cancer risk in female carriers of BRCAI or BRCA2 mutations
is almost threefold higher for women born after 1940, as com-
pared with the risks for women born before that year.”
Furthermore, the genotype can significantly influence the like-
lihood of developing environmentally induced cancers. Inher-
ited variations (polymorphisms) of enzymes that metabolize
procarcinogens to their active carcinogenic forms (see “Initia-
tion of Carcinogenesis”) can influence the susceptibility to
cancer. Of interest in this regard are genes that encode the
cytochrome P-450 enzymes. As discussed later under “Chemi-
cal Carcinogenesis,” polymorphism at one of the P-450 loci
confers inherited susceptibility to lung cancers in cigarette
smokers. More such associations are likely to be found.

NONHEREDITARY PREDISPOSING
CONDITIONS

The only certain way of avoiding cancer is not to be born; to
live is to incur the risk. Certain predisposing influences, such
as environment, behaviors, and clinical conditions, can
increase that risk, however. For example, regenerative, meta-
plastic, hyperplastic, and dysplastic proliferations are fertile
soil for the origin of a malignant tumor, because cell replica-
tion is involved in neoplastic transformation. Indeed, prolif-
eration may be required for neoplastic transformation in
some settings, since it is proliferating cells that accumulate the
genetic lesions required for carcinogenesis.

Chronic Inflammation and Cancer. In 1863 Virchow
proposed that cancer develops at sites of chronic inflammation,
and the potential relationships between cancer and inflamma-
tion have been studied since then.” This is exemplified by the
increased risk of cancer in individuals affected by a variety of
chronic inflammatory diseases of the gastrointestinal tract
(Table 7-5). These include ulcerative colitis, Helicobacter pylori
gastritis, viral hepatitis, and chronic pancreatitis. Although the
precise mechanisms that link inflammation and cancer devel-
opment have not been established, recent work has demon-
strated that in the setting of unresolved chronic inflammation,
as occurs in viral hepatitis or chronic gastritis, the immune
response may become maladaptive, promoting tumorigene-
sis.” As with any cause of tissue injury, there is a compensa-
tory proliferation of cells so as to repair the damage. This
regenerative process is aided and abetted by a plethora of
growth factors, cytokines, chemokines, and other bioactive
substances produced by activated immune cells that promote
cell survival, tissue remodeling, and angiogenesis. In some
cases, chronic inflammation may increase the pool of tissue
stem cells, which become subject to the effect of mutagens.
These mediators also cause genomic stress and mutations;
additionally the activated immune cells produce reactive
oxygen species that are directly genotoxic. To add insult to
injury, many of these mediators promote cell survival, even in
the face of genomic damage. In the short term this can be
adaptive; the organism must survive, and the damaged cells
can be repaired or eliminated later. However, in chronic
inflammation such behavior is maladaptive, since it allows the
creation and fixation of such mutations, eventually leading to
cancer. Whatever the precise mechanism, the link between
chronic inflammation and cancer has practical implications.
For instance, expression of the enzyme cyclooxygenase-2

(COX-2), which brings about the conversion of arachidopjc
acid into prostaglandins (Chapter 2), is induced by inflammg_
tory stimuli and is increased in colon cancers and othe
tumors.” The development of COX-2 inhibitors for cance
treatment is an active area of research.’

Precancerous Conditions. Certain non-neoplastic disoy.
ders—the chronic atrophic gastritis of pernicious anemia, solgy
keratosis of the skin, chronic ulcerative colitis, and leukoplakiy
of the oral cavity, vulva, and penis—have such a well-defined
association with cancer that they have been termed precancer.
ous conditions. This designation is somewhat unfortunate,
because in the great majority of these lesions no malignang
neoplasm emerges. Nonetheless, the term persists because j
calls attention to the increased risk. Certain forms of benigy
neoplasia also constitute precancerous conditions. The villoyg
adenoma of the colon, as it increases in size, becomes malig-
nant in up to 50% of cases. It might be asked: Is there not g
risk with all benign neoplasms? Although some risk may be
inherent, a large cumulative experience indicates that most
benign neoplasms do not become cancerous. Nonetheless,
numerous examples could be offered of cancers arising, albeit
rarely, in benign tumors—for example, a leiomyosarcoma
beginning in a lelomyoma, and carcinoma appearing in long-
standing pleomorphic adenomas. Generalization is impossi-
ble, because each type of benign neoplasm is associated with
a particular level of risk ranging from virtually never to fre-
quently. Only follow-up studies of large series of each neo-
plasm can establish the level of risk, and always the question
remains: Did the cancer arise from a nonmalignant cell in the
benign tumor, or did the benign tumor contain, from the
outset, a silent or indolent malignant focus?

Molecular Basis of Cancer

The literature on the molecular basis of cancer continues to
proliferate at such a rapid pace that it is easy to get lost in the
growing forest of information. We list some fundamental
principles before delving into the details of the molecular basis
of cancer.

O Nonlethal genetic damage lies at the heart of carcinogenesis.
Such genetic damage (or mutation) may be acquired by the
action of environmental agents, such as chemicals, radia-
tion, or viruses, or it may be inherited in the germ line®
The term environmental, used in this context, involves any
acquired defect caused by exogenous agents or endogenous
products of cell metabolism. Not all mutations, howeveh
are “environmentally” induced. Some may be spontaneous:
and stochastic, falling into the category of bad luck.

O A tumor is formed by the clonal expansion of a single precurs
sor cell that has incurred genetic damage (i.e., tumors 1€
monoclonal). Clonality of tumors can be assessed in women
who are heterozygous for polymorphic X-linked markers:
such as the androgen receptor. The principle underlying
such an analysis is illustrated in Figure 7-23. The most
commonly used method to determine tumor clonalitf
involves the analysis of methylation patterns adjacent to the
highly polymorphic locus of the human androgen receptef
gene, AR.” The frequency of such polymorphisms in the
general population is more than 90%, so it is easy to estab-




Pathologic Condition

TABLE 7-5 Chronic Inflammatory States and Cancer

Associated Neoplasm(s)
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Etiologic Agent

Asbestosis, silicosis

Bronchitis Lung carcinoma

Cystitis, pladder inflammation Bladder carcinoma

Gingivitis, lichen plangs

fammatory bowel disease

chen sclerosis

hronic pancreatitis

~ Hereditary pancreatitis

Reflux esophagitis, Barrett esophagus
i nitis

g;glgrii syndrome, Hashimoto

thyroiditis

Colorectal carcinoma

Pancreatic carcinoma
Pancreatic carcinoma
Esophageal carcinoma

MALT lymphoma

CANCERS ASSOCIATED WITH INFECTIOUS AGENTS

QOpisthorchis, cholangitis
Chronic cholecystitis Gallbladder cancer
Gastritis/ulcers
Hepatitis

Mononucleosis
Hodgkin lymphoma

AIDS Non-H'odgkin Iymph.oma, squamous cell
carcinoma, Kaposi sarcoma

Carcinoma in draining sinuses

Ovrian carcinoma, cervical/anal carcinoma

Osteomyeliiis

Pelvic inflammatory disease, chronic
cervicitis

Chronic cystitis

-
—

lish clonality by showing that all the cells in a tumor express
the same allele. For tumors with acquired cytogenetic aber-
rations of any type (e.g., a translocation) their presence can
be taken as evidence that the proliferation is clonal. Immu-
noglobulin receptor and T-cell receptor gene rearrange-
ments serve as markers of clonality in B- and T-cell
lymphomas, respectively.
O Four classes of normal regulatory genes—the growth-promot-
ing proto-oncogenes, the growth-inhibiting tumor suppressor
genes, genes that regulate programmed cell death (apoptosis),
and genes involved in DNA repair—are the principal targets
of genetic damage. Mutant alleles of proto-oncogenes are
considered dominant, because they transform cells despite
the presence of a normal counterpart. In contrast, typically,
both normal alleles of the tumor suppressor genes must be
damaged before transformation can occur. However, there
are exceptions to this rule; sometimes, loss of a single allele
of a tumer suppressor gene reduces levels or activity of the
Protein enough that the brakes on cell proliferation and
survival are released. Loss of gene function caused by
damage to a single allele is called haploinsufficiency. Such a
ding indicates that dosage of the gene is important, and
that two copies are required for normal function.? Genes
that regulate apoptosis may behave as proto-oncogenes or
tumor suppressor genes. Mutations of DNA repair genes
do not directly transform cells by affecting proliferation or
apoptosis. Instead, DNA-repair genes affect cell prolifera-
tion or survival indirectly by influencing the ability of the
Organism to repair nonlethal damage in other genes, includ-
Mg proto-oncogenes, tumor suppressor genes, and genes
that regylate apoptosis. A disability in the DNA-repair

Mesothelioma, lung carcinoma

Salivary gland carcinoma

Cholangiosarcoma, colon carcinoma

Gastric adenocarcinoma, MALT
Hepatocellular carcinoma
B-cell non-Hodgkin lymphoma and

Bladder, liver, rectal carcinoma

Asbestos fibers, silica particles

Silica, asbestos, smoking (nitrosamines,
peroxides)

Chronic indwelling urinary catheters

Oral squamous cell carcinoma

Vulvar squamous cell carcinoma

Alcoholism
Mutation in trypsinogen gene
Gastric acids

Liver flukes (Opisthorchis viverrini)
Bile acids

Bacteria, gallbladder stones
Helicobacter pylori

Hepatitis B and/or C virus
Epstein-Barr virus

Human immunodeficiency virus, human
herpesvirus type 8

Bacterial infection

Gonorrhea, chlamydia, human
papillomavirus

Schistosomiasis

Adapted from TIsty TD, Coussens LM: Tumor stroma and regulation of cancer development. Ann Rev Pathol Mech Dis 1:119, 2006.

genes can predispose cells to widespread mutations in the
genome and thus to neoplastic transformation. Cells with
mutations in DNA repair genes are said to have developed
a mutator phenotype.” Interestingly, a new class of regula-
tory molecules, called microRNAs (miRNAs), has recently
been discovered (Chapter 5). Even though they do not
encode proteins, different families of miRNAs have been
shown to act as either oncogenes or tumor suppressors.”>*
They do so by affecting the translation of other genes as
will be discussed later.

Carcinogenesis is a multistep process at both the phenotypic
and the genetic levels, resulting from the accumulation of
multiple mutations.” As discussed earlier, malignant neo-
plasms have several phenotypic attributes, such as excessive
growth, local invasiveness, and the ability to form distant
metastases. Furthermore, it is well established that over a
period of time many tumors become more aggressive and
acquire greater malignant potential. This phenomenon is
referred to as tumor progression and is not simply a func-
tion of an increase in tumor size. Careful clinical and exper-
imental studies reveal that increasing malignancy is often
acquired in an incremental fashion. At the molecular level,
tumor progression and associated heterogeneity most likely
result from multiple mutations that accumulate indepen-
dently in different cells, generating subclones with varying
abilities to grow, invade, metastasize, and resist (or respond
to) therapy (Fig. 7-24). Some of the mutations may be
lethal; others may spur cell growth by affecting additional
proto-oncogenes or tumor suppressor genes. Even though
most malignant tumors are monoclonal in origin, by the time
they become clinically evident their constituent cells are
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decades, hundreds of cancer-associated genes have been dj.
Sex chromosomes @ @ covered. Some, such as p53, are mutated in many differepg

cancers; others, such as ABLI, are affected only in one or fey,
Each of the cancer-associated genes has a specific function, the
dysregulation of which contributes to the origin or progres.
sion of malignancy. It is traditional to describe cancer-assocj.
ated genes on the basis of their presumed function. It j
beneficial, however, to consider cancer-related genes in the
context of seven fundamental changes in cell physiology the
together determine malignant phenotype.” (Another importag
change for tumor development is escape from immune attack
This property is discussed later in this chapter.) The seven key
changes are the following:

Female zygote

Blastocyst—
inactivation of one
X chromosome

O Self-sufficiency in growth signals: Tumors have the capacity
to proliferate without external stimuli, usually as a conse-
quence of oncogene activation.

O Insensitivity to growth-inhibitory signals: Tumors may not
respond to molecules that are inhibitory to the prolifera-
tion of normal cells such as transforming growth factor §

Polyclonal neoplasm (TGF-PB) and direct inhibitors of cyclin-dependent kinases

(two alleles) (CDKIs). . |
O Evasion of apoptosis: Tumors may be resistant to pro-

Neoplasms grammed cell death, as a consequence of inactivation of p53
or activation of anti-apoptotic genes. ,

O Limitless replicative potential: Tumor cells have unrestricted
proliferative capacity, avoiding cellular senescence and
mitotic catastrophe.

O Sustained angiogenesis: Tumor cells, like normal cells, are

— not able to grow without formation of a vascular supply to
neoplasm bring nutrients and oxygen and remove waste products.
(one allele) Hence, tumors must induce angiogenesis.
\ O Ability to invade and metastasize: Tumor metastases are the
= cause of the vast majority of cancer deaths and depend on
processes that are intrinsic to the cell or are initiated by
FIGURE 7-23 The use of X-linked markers as evidence of the signa]s from the tissue environment.
monoclonality of neoplasms. Because of random X inactivation, © Defects in DNA repair: Tumors may fail to repair DNA
all females are mosaics with two cell populations (with different d db . . d during unressl
alleles for the androgen receptor labeled A and B in this case). amage caused by carcinogens or incurred during 8
When neoplasms that arise in women who are heterozygous for lated cellular prohferatlon, leadlng to genomic 1nstab111t)'
X-linked markers are analyzed, they are made up of cells that and mutations in proto-oncogenes and tumor suppressor

contain the active maternal (X,) or the paternal (Xg) X chromo- genes.
some but not both.

Mutations in one or more genes that regulate these cellular
extremely heterogeneous. During progression, tumor cells  traits are seen in every cancer. However, the precise genetic
are subjected to immune and nonimmune selection pres-  pathways that give rise to these attributes differ between indi-
sures. For example, cells that are highly antigenic are  vidual cancers, even within the same organ. It is widelybelieve'dl
destroyed by host defenses, whereas those with reduced that the occurrence of mutations in cancer-related genes 15
growth factor requirements are positively selected. A conditioned by the robustness of the DNA-repair machinery,
growing tumor therefore tends to be enriched for subclones  as well as protective mechanisms such as apoptosis and senes:

that “beat the odds” and are adept at survival, growth, inva-  cence that prevent the proliferation of cells with damaged
sion, and metastasis. DNA. Indeed, recent studies in a variety of human tumors
such as melanoma and prostate adenocarcinoma, have shown
-1 1 tion of a

ESSENTIAL ALTERATIONS FOR that oncogene induced senescence, wherein mutatio

MALIGNANT TRANSFORMATION proto-oncogene drives cells into senescence rather than pro-
liferation, is an important barrier to carcinogenesis.” Somé

With this overview we can now address in some detail the  limits to neoplastic growth are even physical. If a tumor is ©
molecular pathogenesis of cancer and then discuss the carci-  grow larger than 1 to 2 mm, mechanisms that allow the deliv""
nogenic agents that inflict genetic damage. Over the past two  ery of nutrients and the elimination of waste products must
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Requiring fewer
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FIGURE 7-2

host defenses and are likely to be more aggressive.

be provided (angiogenesis). Furthermore, epithelia are sepa-
rated from the interstitial matrix by a basement membrane,
composed of extracellular matrix molecules, that must be
broken down by invasive carcinoma cells. These protective
barriers, both intrinsic and extrinsic to the cell, must be
breached, and feedback loops that normally prevent uncon-
trolled cell division must be disabled by mutations before a
fully malignant tumor can emerge. The main principles of the
molecular basis of cancer are summarized in a simplified form
in Figure 7-25.

In the following sections we discuss the nature of the genes
involved in each of the seven biologic alterations listed earlier.
We end with a discussion of epigenetic changes and chromo-
somal abnormalities in cancer.

SELF-SUFF
SIGNALS:

CIENCY IN GROWTH
ONCOGENES

Genes that promote autonomous cell growth in cancer cells
are called oncogenes, and their unmutated cellular counter-
Parts are called proto-oncogenes. Oncogenes are created by
Mutations in proto-oncogenes and are characterized by the
ability to promote cell growth in the absence of normal
growth-promoting signals. Their products, called oncopro-
feins, resemble the normal products of proto-oncogenes except
that oncoproteins are often devoid of important internal regu-
latory elements, and their production in the transformed cells
does not depend on growth factors or other external signals.
In this way cell growth becomes autonomous, freed from
| checkpoints anq dependence upon external signals. To aid in

€ understanding of the nature and functions of oncopro-
teins and their role in cancer, it is necessary to briefly mention
€Sequential steps that characterize normal cell proliferation.

Tumor progression and generation of heterogeneity. New subclones arise from the descendants of the original trans-
formed cell by multiple mutations. With progression the tumor mass becomes enriched for variants that are more adept at evading

Under physiologic conditions cell proliferation can be readily
resolved into the following steps:

© The binding of a growth factor to its specific receptor

O Transient and limited activation of the growth factor recep-
tor, which, in turn, activates several signal-transducing
proteins on the inner leaflet of the plasma membrane

© Transmission of the transduced signal across the cytosol
to the nucleus via second messengers or by a cascade of
signal transduction molecules

© Induction and activation of nuclear regulatory factors
that initiate DNA transcription

© Entry and progression of the cell into the cell cycle, ulti-
mately resulting in cell division

With this background we can readily identify the strategies
used by cancer cells to acquire self-sufficiency in growth
signals. They can be grouped on the basis of their role in
growth factor-mediated signal transduction cascades and cell
cycle regulation.

Proto-oncogenes, Oncogenes, and Oncoproteins

Proto-oncogenes have multiple roles, participating in cellular
functionsrelated to growth and proliferation. Proteins encoded
by proto-oncogenes may function as growth factors or their
receptors, signal transducers, transcription factors, or cell
cycle components. Oncoproteins encoded by oncogenes gen-
erally serve functions similar to their normal counterparts
(Table 7-6). However, mutations convert proto-oncogenes into
constitutively active cellular oncogenes that are involved in tumor
development because the oncoproteins they encode endow the cell
with self-sufficiency in growth.™
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Acquired (environmental) DNA damaging agents:
e Chemicals
* Radiation
e Viruses

|

NORMAL CELL

Successful DNA repair

DNA Damage

Failure of
DNA repair Inherited mutations in:
l * Genes affecting
DNA repair
Mutations in * Genes affecting cgll
the genome P growth or apoptosis
of somatic cells

v v v

Activation of Inactivation of
growth-promoting tumor suppressor genes that
oncogenes genes regulate apoptosis

— T l
‘ Unregulated cell proliferation ‘ ‘ Decreased apoptosisj

| |
v

‘ Clonal expansion ‘

4—{ Additional mutationﬂ

Escape from ——> L
immunity

Alterations in

{ Tumor progression ‘

i

‘ Malignant neoplasm ‘

‘ Invasion and metastasis }

FIGURE 7-25 Flowchart depicting a simplified scheme of the
molecular basis of cancer.

Two questions follow: (1) What are the functions of onco-
gene products, the oncoproteins? (2) How do the normally
“civilized” proto-oncogenes turn into “enemies within”? These
issues are discussed below.

Growth Factors. Normal cells require stimulation
by growth factors to undergo proliferation. Most soluble
growth factors are made by one cell type and act on a
neighboring cell to stimulate proliferation (paracrine action).
Many cancer cells, however, acquire the ability to synthesize
the same growth factors to which they are responsive, generat-
ing an autocrine loop. For example, many glioblastomas
secrete platelet-derived growth factor (PDGF) and express the
PDGEF receptor, and many sarcomas make both transforming
growth factor oo (TGF-o) and its receptor. Although an auto-

crine loop is considered to be an important element in the
pathogenesis of several tumors, in most instances the growg
factor gene itself is not altered or mutated. More commonly,
products of other oncogenes that lie along many signal trang.
duction pathways, such as RAS, cause overexpression of
growth factor genes, thus forcing the cells to secrete large
amounts of growth factors, such as TGF-a. NeverthelesS,
increased growth factor production is not sufficient for neo.
plastic transformation. In all likelihood growth factor drivep
proliferation contributes to the malignant phenotype by
increasing the risk of spontaneous or induced mutations i
the proliferating cell population.

Growth Factor Receptors. Several oncogenes thay
encode growth factor receptors have been found. To under-
stand how mutations affect the function of these receptors,
it should be recalled that one important class of growth
factor receptors are transmembrane proteins with an externa|
ligand-binding domain and a cytoplasmic tyrosine kinase
domain (Chapter 3). In the normal forms of these receptors,
the kinase is transiently activated by binding of the specific
growth factors, followed rapidly by receptor dimerization
and tyrosine phosphorylation of several substrates that are
a part of the signaling cascade. The oncogenic versions of
these receptors are associated with constitutive dimerization
and activation without binding to the growth factor. Hence,
the mutant receptors deliver continuous mitogenic signals to
the cell, even in the absence of growth factor in the
environment.

Growth factor receptors can be constitutively activated in
tumors by multiple different mechanisms, including muta-
tions, gene rearrangements, and overexpression. The RET
proto-oncogene, a receptor tyrosine kinase, exemplifies onco-
genic conversion via mutations and gene rearrangements.”
The RET protein is a receptor for the glial cell line—derived
neurotrophic factor and structurally related proteins that
promote cell survival during neural development. RET is nor-
mally expressed in neuroendocrine cells, such as parafollicular
C cells of the thyroid, adrenal medulla, and parathyroid cell
precursors. Point mutations in the RET proto-oncogene are
associated with dominantly inherited MEN types 2A and 2B
and familial medullary thyroid carcinoma (Chapter 24). In
MEN-2A, point mutations in the RET extracellular domain
cause constitutive dimerization and activation, leading to
medullary thyroid carcinomas and adrenal and parathyroid
tumors. In MEN-2B, point mutations in the RET cytoplasmic
catalytic domain alter the substrate specificity of the tyrosine
kinase and lead to thyroid and adrenal tumors without involve:
ment of the parathyroid. In all these familial conditions, the
affected individuals inherit the RET mutation in the germline.
Sporadic medullary carcinomas of the thyroid are associated
with somatic rearrangements of the RET gene, generally
similar to those found in MEN-2B,*?

Oncogenic conversions by mutations and rearrangements
have been found in other growth factor receptor genes. Point
mutations in FLT3, the gene encoding the FMS-like tyrosiné
kinase 3 receptor, that lead to constitutive signaling have beell
detected in myeloid leukemias. In certain chronic myelo-
monocytic leukemias with the (5;12) translocation, the entir¢
cytoplasmic domain of the PDGF receptor is fused with @
segment of an ETS family transcription factor, resulting
permanent dimerization of the PDGF receptor. Greater thal
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Associated Human Tumor

SIS (official name PBGFB)

GROWTH FACTOR RECEPTORS

EGF-receptor family ERBB1(EGFR), ERRB2

(steel) factor

TEINS INVOLVED IN SIGNAL TRANSDUCTION

GTP-binding KRAS
HRAS
NRAS
onreceptor tyrosine kinase  ABL
AS signal transduction BRAF
NT signal transduction B-catenin
NUCLEAR-REGULATORY PROTEINS
Transcriptional activators C-MYC
N-MYC
L-MYC
CELL CYCLE REGULATORS
Cyclins Cyclin D
i Cyclin E
Cyclin-dependent kinase CDK4

Overexpression

Overexpression

Point mutation
Point mutation
Point mutation

Translocation

Point mutation
Point mutation

Translocation
Amplification

Amplification

Translocation

Amplification

Overexpression

Amplification or point mutation

Astrocytoma
Osteosarcoma

HST1 Overexpression Stomach cancer
INT2 (official name FGF3) Amplification Bladder cancer
Breast cancer
Melanoma
TGFA Overexpression Astrocytomas
Hepatocellular carcinomas
HGF Overexpression Thyroid cancer

Squamous cell carcinoma of lung,

gliomas

EMS-like tyrosine kinase 3 FLT3 Amplification Breast and ovarian cancers

Receptor for neurotrophic RET Point mutation Leukemia

factors Point mutation Multiple endocrine neoplasia 2A

and B, familial medullary thyroid
carcinomas

PDGF receptor PDGFRB Overexpression, translocation Gliomas, leukemias

Receptor for stem cell KIT Point mutation Gastrointestinal stromal tumors,

seminomas, leukemias

Colon, lung, and pancreatic tumors

Bladder and kidney tumors

Melanomas, hematologic
malignancies

Chronic myeloid leukemia

Acute lymphoblastic leukemia

Melanomas

Hepatoblastomas, hepatocellular
carcinoma

Overexpression

Burkitt lymphoma

Neuroblastoma, small-cel!
carcinoma of lung

Small-cell carcinoma of lung

Mantle cell lymphoma

Breast and esophageal cancers
Breast cancer

Glioblastoma, melanoma, sarcoma

'90"(0 of gastrointestinal stromal tumors have a constitutively
Aactivating mutation in the receptor tyrosine kinase ¢-KIT or

DGFR, which are the receptors for stem cell factor and PDGEF,
T€spectively. These mutations are amenable to specific inhibi-
tion by the tyrosine kinase inhibitor imatinib mesylate. This
Pe of therapy, directed to a specific alteration in the cancer
cell, is called targeted therapy.”

Far more common than mutations of these proto-onco-
8ENes is overexpression of normal forms of growth factor
fceptors. In some tumors increased receptor expression
Heslﬂts _from'gene amplification, but in many cases the molecu-
- basis of increased receptor expression is not fully known.
R 0 members of the epidermal growth factor (EGF) receptor

mily are the begt described. The normal form of ERBBI, the
k. Fr eCt?p‘tor gene, is overexpressed in up to 80% of squamous

Carcinomas of the lung, in 50% or more of glioblastomas

(Chapter 28),and in 80% to 100% of head and neck tumors.***
Likewise, the ERBB2 gene (also called HER-2/NEU), the
second member of the EGF receptor family, is amplified in
approximately 25% of breast cancers and in human adenocar-
cinomas arising within the ovary, lung, stomach, and salivary
glands.*® Because the molecular alteration in ERBB2 is specific
for the cancer cells, new therapeutic agents consisting of
monoclonal antibodies specific to ERBB2 have been developed
and are currently in use clinically, providing yet another
example of targeted therapy.”®*

Signal-Transducing Proteins. Several examples of onco-
proteins that mimic the function of normal cytoplasmic
signal-transducing proteins have been found. Most such pro-
teins are strategically located on the inner leaflet of the plasma
membrane, where they receive signals from outside the cell

\(e.g., by activation of growth factor receptors) and transmit
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them to the cell’s nucleus. Biochemically, the signal-transduc-
ing proteins are heterogeneous. The most well-studied example
of a signal-transducing oncoprotein is the RAS family of guanine
triphosphate (GTP)-binding proteins (G proteins).

The RAS Oncogene. The RAS genes, of which there are
three in the human genome (HRAS, KRAS, NRAS), were dis-
covered initially in transforming retroviruses. Point mutation
of RAS family genes is the single most common abnormality of
proto-oncogenes in human tumors. Approximately 15% to 20%
of all human tumors contain mutated versions of RAS pro-
teins.”” The frequency of such mutations varies with different
tumors, but in some types of cancers it is very high. For
example, 90% of pancreatic adenocarcinomas and cholangio-
carcinomas contain a RAS point mutation, as do about 50%
of colon, endometrial, and thyroid cancers and 30% of lung
adenocarcinomas and myeloid leukemias.**? In general, car-
cinomas (particularly from colon and pancreas) have muta-
tions of KRAS, bladder tumors have HRAS mutations, and
hematopoietic tumors bear NRAS mutations. RAS mutations
are infrequent in certain other cancers, such as those arising
in the uterine cervix or breast.

RAS plays an important role in signaling cascades down-
stream of growth factor receptors, resulting in mitogenesis.
For example, abrogation of RAS function blocks the prolifera-

Growth factor

Growth factor receptor

Bridging  Activates
protein

Phosphate

Cell cycle progression

FIGURE 7-26 Model for action of RAS genes. When a normal cell is stimulated through a growth factor receptor, inactive (GDP-bound!
RAS is activated to a GTP-bound state. Activated RAS recruits RAF and stimulates the MAP-kinase pathway to transmit growth—prOFDO“'
ing signals to the nucleus. The mutated RAS protein is permanently activated because of inability to hydrolyze GTP, leading to contint:
ous stimulation of cells without any external trigger. The anchoring of RAS to the cell membrane by the farnesyl moiety is essentid

for its action. See text for explanation of abbreviations.

Farnesyl
membrane anchor

tive response to EGF, PDGF, and CSF-1. Normal RAS protejpe
are tethered to the cytoplasmic aspect of the plasma mep.
brane, as well as the endoplasmic reticulum and Golgi men,.
branes. They can be activated by growth factor binding g
receptors at the plasma membrane.*” RAS is a member of ,
family of small G proteins that bind guanosine nucleotide
(guanosine triphosphate, GTP and guanosine diphosphate,
GDP), similar to the larger trimolecular G proteins. Normally
RAS proteins flip back and forth between an exciteq
signal-transmitting state and a quiescent state. In the inactjye
state, RAS proteins bind GDP. Stimulation of cells by growth
factors leads to exchange of GDP for GTP and subsequent
conformational changes that generates active RAS (Fig. 7-26),
The activated RAS stimulates downstream regulators g
proliferation, such as the mitogen-activated protein (MAP)
kinase cascade, which floods the nucleus with signals for
proliferation.

The orderly cycling of the RAS protein depends on twg
reactions: (1) nucleotide exchange (GDP by GTP), which acti-
vates RAS protein, and (2) GTP hydrolysis, which converts the
GTP-bound, active RAS to the GDP-bound, inactive form,
Both these processes are extrinsically regulated by other pro-
teins. The removal of GDP and its replacement by GTP during
RAS activation are catalyzed by a family of guanine nucleo-

2 Activation _
i ﬂf’ GTP

Inactivation by
hydrolysis of GTP

BLOCKED IN
MUTANT RAS

Activation of
MAP-kinase pathway




ide-releasing proteins. Conversely, the GTPase activity intrin-
- normal RAS proteins is dramatically accelerated by
g%;sse—activating proteins (GAPs). These widely distributed
roteins bind to the active RAS aqd augment its GTPase activ-
jty by more than 1000-fold, leadmg to termination of signal
gransduction. Thus, GAPs function as “brakes” that prevent
uncontrolled RAS act'ivity. . . .
geveral distinct point mutations of RAS have been identi-

fied in cancer cells. The affected residues lie within either the
GTP-binding pocket or the enzymatic region essential for
GTP hydrolysis, and thus markedly reduce the GTPase activity
of the RAS protein. Mutated RAS is trapped in its activated
GTP-bound form, and the cell is forced into a continuously
liferating state. It follows from this scenario that the con-
sequences of mutations in RAS protein would be mimicked
by mutations in the GAPs that fail to activate the GTPase
activity and thus restrain normal RAS proteins. Indeed, dis-
abling mutation of neurofibromin 1, a GAP, is associated with
the inherited cancer syndrome familial neurofibromatosis
type 1 (Chapter 27).

In addition to RAS, downstream members of the RAS
signaling cascade (RAS/RAF/MARP kinase) may also be altered
in cancer cells, resulting in a similar phenotype. Thus, muta-
tions in BRAF, one of the members of the RAF family,
have been detected in more than 60% of melanomas and in
more than 80% of benign nevi.***> This suggests that dysregu-
lation of the RAS/RAF/MAP kinase pathway may be one of
the initiating events in the development of melanomas,
although it is not sufficient by itself to cause tumorigenesis.
Indeed, BRAF mutations alone lead to oncogene-induced
senescence giving rise to benign nevi rather than malignant
melanoma. Thus, oncogene-induced senescence is a barrier to
carcinogenesis that must be overcome by mutation and dis-
abling of key protective mechanisms, such as those provided
by the p53 gene (discussed later).”

Because RAS is so frequently mutated in human cancers,
‘much effort has been spent to develop anti-RAS modalities of
targeted therapy. Unfortunately, none of these strategies has
50 far proven to be successful for clinical use.

Alterations in Nonreceptor Tyrosine Kinases

‘Mutations that unleash latent oncogenic activity occur in
several non-receptor-associated tyrosine kinases, which nor-
mally function in signal transduction pathways that regulate
cell growth (Chapter 3). As with receptor tyrosine kinases, in
Some instances the mutations take the form of chromosomal
translocations or rearrangements that create fusion genes
encoding constitutively active tyrosine kinases. An important
&ample of this oncogenic mechanism involves the c-ABL
tyrosine kinase. In CML and some acute lymphoblastic leuke-
Mias, the ABL gene is translocated from its normal abode on
d}romosome 9 to chromosome 22 (Fig. 7-27), where it fuses
with the BCR gene (see discussion of chromosomal transloca-
tions, later in this chapter). The resultant chimeric gene
el_lcodes a constitutively active, oncogenic BCR-ABL tyrosine
klnaS_e, Several structural features of the BCR-ABL fusion
Protelp contribute to the increased kinase activity, but the
gggzln}por’[ant is that the BCR moiety promotes the self-

1ation of BCR-ABL. This is a common theme, since many
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. —& locus ‘/ >hybrid
'\ABL gene
— oncogene
) 4 -
—'< Tyrosine
ABL kinase

oncogene

FIGURE 7-27 The chromosomal translocation and associated
oncogenes in Burkitt lymphoma and chronic myelogenous
leukemia.

different oncogenic tyrosine kinases consist of fusion proteins
in which the non—tyrosine kinase partner drives self-associa-
tion.* Treatment of CML has been revolutionized by the
development of imatinib mesylate, a “designer” drug with low
toxicity and high therapeutic efficacy that inhibits the BCR-
ABL kinase.”™ This is another example of rational drug
design emerging from an understanding of the molecular
basis of cancer. It is also an example of the concept of onco-
gene addiction.®® Despite accumulation of numerous muta-
tions throughout the genome, signaling through the BCR-ABL
gene is required for the tumor to persist, hence inhibition of
its activity is effective therapy. BCR-ABL translocation is an
early, perhaps Initiating event, during leukemogenesis. The
remaining mutations are selected for, and built around, the
constant signaling through BCR-ABL. BCR-ABL signaling can
be seen as the central lodgepole around which the structure is
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built. Remove the lodgepole by inhibition of the BCR-ABL
kinase, and the structure collapses.

In other instances, nonreceptor tyrosine kinases are acti-
vated by point mutations that abrogate the function of nega-
tive regulatory domains that normally hold enzyme activity in
check. For example, several myeloproliferative disorders, par-
ticularly polycythemia vera and primary myelofibrosis, are
highly associated with activating point mutations in the tyro-
sine kinase JAK2 (Chapter 13).” The aberrant JAK2 kinase in
turn activates transcription factors of the STAT family, which
promote the growth factor-independent proliferation and
survival of the tumor cells. Recognition of this molecular
lesion has led to trials of JAK2 inhibitors in myeloproliferative
disorders, and stimulated searches for activating mutations in
other nonreceptor tyrosine kinases in a wide variety of human
cancers.

Transcription Factors. Just as all roads lead to Rome, all
signal transduction pathways converge to the nucleus, where
a large bank of responder genes that orchestrate the cell’s
orderly advance through the mitotic cycle are activated.
Indeed, the ultimate consequence of signaling through
oncogenes like RAS or ABL is inappropriate and continuous
stimulation of nuclear transcription factors that drive
growth-promoting genes. Transcription factors contain spe-
cific amino acid sequences or motifs that allow them to bind
DNA or to dimerize for DNA binding. Binding of these pro-
teins to specific sequences in the genomic DNA activates tran-
scription of genes. Growth autonomy may thus occur as a
consequence of mutations affecting genes that regulate tran-
scription. A host of oncoproteins, including products of the
MYC, MYB, JUN, FOS, and REL oncogenes, are transcription
factors that regulate the expression of growth-promoting
genes, such as cyclins. Of these, MYC is most commonly involved
in human tumors, and hence a brief overview of its function
1s warranted.

The MYCOncogene. The MYCproto-oncogeneisexpressed
in virtually all eukaryotic cells and belongs to the immediate
early response genes, which are rapidly induced when quies-
cent cells receive a signal to divide (see discussion of liver
regeneration in Chapter 3). After a transient increase of MYC
messenger RNA, the expression declines to a basal level. The
molecular basis of MYC function in cell replication is not
entirely clear. As with many transcription factors, it is thought
that MYC is involved in carcinogenesis by activating genes that
are involved in proliferation. Indeed, some of its target genes,
such as ornithine decarboxylase and cyclin D2, are known to
be associated with cell proliferation. However, the range of
activities modulated by MYC is very broad and includes
histone acetylation, reduced cell adhesion, increased cell
motility, increased telomerase activity, increased protein syn-
thesis, decreased proteinase activity, and other changes in cel-
lular matbolism that enable a high rate of cell division.”®
Genomic mapping of MYC binding sites has identified thou-
sands of different sites and an equivalent number of genes that
might be regulated.” However, there is little overlap in the
MYC target genes in different cancers, preventing identifica-
tion of a canonical MYC carcinogenesis program. Interest-
ingly, it has been recently suggested that MYC interacts with
components of the DNA-replication machinery, and plays a
role in the selection of origins of replication.” Thus, overex-
pression of MYC may drive activation of more origins than

needed for normal cell division, or bypass checkpoints involveq
in replication, leading to genomic damage and accumulatigy
of mutations. Finally, MYC is one of a handful of transcription
factors that can act in concert to reprogram somatic cells ingg
pluripotent stem cells (Chapter 3); MYC may also enhange
self-renewal, block differentiation, or both.

While on one hand MYC activation is linked to prolifers.
tion, on the other hand, cells in culture undergo apoptosis jf
MYC activation occurs in the absence of survival signalg
(growth factors).” The MYC proto-oncogene contains sepa.
rate domains that encode the growth-promoting and apop.
totic activities, but it is not clear whether MYC-induceq
apoptosis occurs in vivo.

In contrast to the regulated expression of MYC during
normal cell proliferation, persistent expression, and in some
cases overexpression, of the MYC protein are commonly
found in tumors. Dysregulation of MYC expression resulting
from translocation of the gene occurs in Burkitt lymphoma,
a B-cell tumor (see Fig. 7-27). MYC is amplified in some
cases of breast, colon, lung, and many other carcinomas,
The related N-MYC and L-MYC genes are amplified in neu-
roblastomas (Fig. 7-28) and small-cell cancers of the lung,
respectively.

Cyclins and Cyclin-Dependent Kinases. The ultimate
outcome of all growth-promoting stimuli is the entry of qui-
escent cells into the cell cycle. Cancers may grow autono-
mously if the genes that drive the cell cycle become dysregulated
by mutations or amplification. As described in Chapter 3, the

HSR

N-MYC—
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FIGURE 7-28 Amplification of the N-MYC gene in human neu-
roblastomas. The N-MYC gene, normally present on chromo-
some 2p, becomes amplified and is seen either as extra
chromosomal double minutes or as a chromosomally integrated.
homogeneous staining region (HSR). The integration involves
other autosomes, such as 4, 9, or 13. {Modified from Brodeur GM:
Molecular correlates of cytogenetic abnormalities in human
cancer cells: implications for oncogene activation. In Brown EB
{ed): Progress in Hematology, Vol 14. Orlando, FL, Grune & Strat
ton, 1986, p 229-256.)




derly progression of cells through the various phases of the

cycle is orc g )
ich are activated by binding to cyclins, so called because of

the cyclic nature of their production and degradation. The
DK-cyclin complexes phosphorylate crucial target proteins
E at drive the cell through the cell cycle. On completion of this
task cyclin levels decline rapidly. More than 15 cyclins have
I'Bet’.l; identified; cyclins D, E, A, and B appear sequentially
during the cell cycle and bind to one or_more_CDK. The ce.ll
Je may thus be seen as a relay race in which each lap is
regulated by a distinct set of cyclins, and as one set of cyclins
Jeaves the track, the next set takes over (Fig. 7-29 and
Table 7-7). o - '
with this background it is easy to appreciate that mutations
that dysregulate the activity of cyclins and CDXs favor cell
bproliferation. Mishaps affecting the expression of cyclin D or
(CDK4 seem to be a common event in neoplastic transforma-
tion. The cyclin D genes are overexpressed in many cancers,
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including those affecting the breast, esophagus, liver, and a
subset of lymphomas. Amplification of the CDK4 gene occurs
in melanomas, sarcomas, and glioblastomas. Mutations affect-
ing cyclin B and cyclin E and other CDKs also occur, but they
are much less frequent.

While cyclins arouse the CDKs, their inhibitors (CDXIs), of
which there are many, silence the CDKs and exert negative
control over the cell cycle. The CIP/WAF family of CDKIs,
composed of three proteins, called p21 (CDKNIA), p27
(CDKN1B), and p57 (CDKNI1C), inhibits the CDKs
broadly, whereas the INK4 family of CDK1s, made up of p15
(CDKN2B), pl6 (CDKN2A), pl8 (CDKN2C), and pl9
(CDKN2D), has selective effects on cyclin D/CDK4 and cyclin
D/CDKS6. Expression of these inhibitors is down-regulated by
mitogenic signaling pathways, thus promoting the progression
of the cell cycle. For example, p27 (CDKN1B), a CDKI that
inhibits cyclin E, is expressed throughout G,. Mitogenic signals
dampen the activity of p27 in a variety of ways, relieving

& Schematic illustration of the role of cyclins, CDKs, and CDK inhibitors {CDKIs) in regulating the cell cycle. The shaded

'r°}’VS represent the phases of the cell cycle during which specific cyclin-CDK complexes are active. As illustrated, cyclin D-CDK4,

2’_%'['31 D-CDKS, and cyclin E-<CDK2 regulate the G;-to-S transition by phosphorylation of the RB protein (pRB). Cyclin A-CDK2 and cyclin

CoK K1 are active in the S phase. Cyclin B-CDK1 is essential for the G,-to-M transition. Two families of CDKls can block activity of

and 3 anq progression through the cell cycle. The so-called INK4 inhibitors, composed of p16, p15, p18, and p19, act on cyclin D-CDK4
tyclin D-CDKS. The other family of three inhibitors, p21, p27, and p57, can inhibit all CDKs.
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'TABLE 7-7 Main Cell Cycle Components and Their Inhibitors

Cell Cycle Component Main Function

CYCLIN-DEPENDENT KINASES

Forms a complex with cyclin D that phosphorylates RB, allowing the cell to progress through the

Forms a complex with cyclin E in late G;, which is involved in G,/S transition. Forms a complex

Block the cell cycle by binding to cyclin-CDK complexes; p21 is induced by the tumor suppressor

p16/INK4a binds to cyclin D-CDK4 and promotes the inhibitory effects of RB; p14/ARF increases

CDK4
G, restriction point.
CDK2
with cyclin A at the S phase that facilitates G,/M transition.
CDK1 Forms a complex with cyclin B that facilitates G,/M transition.
INHIBITORS
CIP/KIP family: p21, p27
(CDKN2A-C) pb3; p27 responds to growth suppressors such as TGF-f.
INK4/ARF family
(CDKN1A-D} p53 levels by inhibiting MDM2 activity.

CHECKPOINT COMPONENTS
p53

Tumor suppressor gene altered in the majority of cancers; causes cell cycle arrest and apoptosis,

Acts mainly through p21 to cause cell cycle arrest. Causes apoptosis by inducing the
transcription of pro-apoptotic genes such as BAX. Levels of p53 are negatively regulated by
MDM2 through a feedback loop. p53 is required for the Gy/S checkpoint and is a main
component of the G,/M checkpoint.

Ataxia-telangiectasia
mutated

Activated by mechanisms that sense double-stranded DNA breaks. Transmits signals to arrest the
cell cycle after DNA damage. Acts through p53 in the G,/S checkpoint. At the G,/M checkpoint,

it acts both through p53-dependent mechanisms and through the inactivation of CDC25
phosphatase, which disrupts the cyclin B-CDK1 complex. Component of a network of genes
that include BRCA1 and BRCA2, which link DNA damage with cell cycle arrest and apoptosis.

inhibition of cyclin E-CDK2 and thus allowing the cell
cycle to proceed.”® The CDKIs are frequently mutated or oth-
erwise silenced in many human malignancies. Germline
mutations of p16 (CDKN2A) are associated with 25% of mela-
noma-prone kindreds.” Somatically acquired deletion or
inactivation of pl6 is seen in 75% of pancreatic carcinomas,
40% to 70% of glioblastornas, 50% of esophageal cancers,
20% to 70% of acute lymphoblastic leukemias, and 20% of
non-small-cell lung carcinomas, soft-tissue sarcomas, and
bladder cancers.”’

Before closing this discussion of the cell cycle and its regula-
tion, we should briefly discuss the internal controls of the cell
cycle called checkpoints, since later discussion of tumor sup-
pressor genes will illustrate the importance of cell cycle check-
points in maintaining genomic integrity. There are two main
cell cycle checkpoints, one at the G,/S transition and the other
at Gy/M. The S phase is the point of no return in the cell
cycle. Before a cell makes the final commitment to replicate,
the G,/S checkpoint checks for DNA damage; if damage is
present, the DNA-repair machinery and mechanisms that
arrest the cell cycle are put in motion. The delay in cell cycle
progression provides the time needed for DNA repair; if the
damage is not repairable, apoptotic pathways are activated to
kill the cell. Thus, the G,/S checkpoint prevents the replication
of cells that have defects in DNA, which would be perpetuated
as mutations or chromosomal breaks in the progeny of the
cell. DNA damaged after its replication can still be repaired
as long as the chromatids have not separated. The G,/M
checkpoint monitors the completion of DNA replication
and checks whether the cell can safely initiate mitosis and
separate sister chromatids. This checkpoint is particularly
important in cells exposed to ionizing radiation. Cells damaged
by ionizing radiation activate the G,/M checkpoint and arrest
in Gy defects in this checkpoint give rise to chromosomal

abnormalities. To function properly, cell cycle checkpoints
require sensors of DNA damage, signal transducers, and effec-
tor molecules.”® The sensors and transducers of DNA damage
seem to be-similar for the G,/S and G,/M checkpoints. They
include, as sensors, proteins of the RAD family and ataxia tel-
angiectasia mutated (ATM) and as transducers, the CHK
kinase families.”” The checkpoint effector molecules differ,
depending on the cell cycle stage at which they act. In the G|/S
checkpoint, cell cycle arrest is mostly mediated through p53,
which induces the cell cycle inhibitor p21. Arrest of the cell
cycle by the Gy/M checkpoint involves both p53-dependent
and p53-independent mechanisms. Defects in cell cycle check-
point components are a major cause of genetic instability in
cancer cells.

INSENSITIVITY TO GROWTH INHIBITION
AND ESCAPE FROM SENESCENCE: TUMOR
SUPPRESSOR GENES

Failure of growth inhibition is one of the fundamental altera-
tions in the process of carcinogenesis. Whereas oncogenes
drive the proliferation of cells, the products of tumor suppres-
sor genes apply brakes to cell proliferation (Table 7-8). It has
become apparent that the tumor suppressor proteins form a
network of checkpoints that prevent uncontrolled growth.
Many tumor suppressors, such as RB and p53, are part of 2
regulatory network that recognizes genotoxic stress from any
source, and responds by shutting down proliferation. Indeed,
expression of an oncogene in an otherwise completely normal
cell leads to quiescence, or to permanent cell cycle arrest
(oncogene-induced senescence), rather than uncontrolled
proliferation. Ultimately, the growth-inhibitory pathways may
prod the cells into apoptosis. Another set of tumor suppres:
sors seem to be involved in cell differentiation, causing cells
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Tumors Associated
with Somatic
Mutations
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Tumors Assocated with
Inherited Mutations

Cell surface TGF-B receptor

E-cadherin
inner aspect of NF1
plasma membrane
](:ytoskelem” NF2

Cytosol APC/B-catenin

PTEN

SMAD2 and SMAD4

Nucleus RB1

p53

wr1
P16/INK4a

BRCA1 and BRCAZ2

Growth inhibition
Cell adhesion

Inhibition of RAS signal
transduction and of p21
cell cycle inhibitor

Cytoskeletal stability

Inhibition of signal
transduction

PI3 kinase signal
transduction
TGF-B signal transduction

Regulation of cell cycle

Cell cycle arrest and
apoptosis in response
to DNA damage

Nuclear transcription

Regulation of cell cycle by
inhibition of cyclin-
dependent kinases

DNA repair

Carcinomas of colon
Carcinoma of stomach

Neuroblastomas

Schwannomas and
meningiomas

Carcinomas of
stomach, colon,
pancreas; melanoma

Endometrial and
prostate cancers

Colon, pancreas tumors

Retinoblastoma;
osteosarcoma
carcinomas of breast,
colon, lung

Most human cancers

Wilms' tumor
Pancreatic, breast, and
esophageal cancers

Unknown

Unknown
Familial gastric cancer

Neurofibromatosis type 1
and sarcomas

Neurofibromastosis type 2,
acoustic schwannomas,
and meningiomas

Familial adenomatous
polyposis coli/colon
cancer

Cowden syndrome

Unknown

Retinoblastomas,
osteosarcoma

Li-Fraumeni syndrome;
multiple carcinomas and
sarcomas

Wilms’ tumor

Malignant melanoma

Carcinomas of female

breast and ovary;
carcinomas of male
breast

Pi3 kinase, phosphatidylinositol 3-kinase.

to enter a postmitotic, differentiated pool without replicative
potential. Similar to mitogenic signals, growth-inhibitory,
pro-differentiation signals originate outside the cell and use
receptors, signal transducers, and nuclear transcription regu-
lators to accomplish their effects; tumor suppressors form a
portion of these networks.

In this section we describe tumor suppressor genes, their
products, and possible mechanisms by which loss of their
function contributes to unregulated cell growth. The protein
products of tumor suppressor genes may function as tran-
scription factors, cell cycle inhibitors, signal transduction
molecules, cell surface receptors, and regulators of cellular
Iesponses to DNA damage. In the following section we discuss
the functions of the most important tumor suppressor genes,
and how their defects contribute to carcinogenesis.

We begin our discussion with RB, the.first, and prototypic,
tumor suppressor gene discovered. Like many discoveries in
medicine, RB was discovered by studying a rare disease, in this
€ase retinoblastoma. Approximately 60% of retinoblastomas
are sporadic, and the remaining are familial, with the predis-
Position to develop the tumor being transmitted as an auto-
somal dominant trait. Patients with familial retinoblastoma
are also at greatly increased risk of developing osteosarcoma
and other soft-tissue sarcomas. To explain the inherited and
*Poradic occurrence of an apparently identical tumor, Knudson
Proposed his now canonical “two-hit” hypothesis of oncogene-

sis.'”® In molecular terms, Knudson’s hypothesis can be stated
as follows (Fig. 7-30):

© Two mutations (hits), involving both alleles of RB at chro-
mosome locus 13q14, are required to produce retinoblas-
toma. In some cases, the genetic damage is large enough to
be visible in the form of a deletion of 13q14.

© In familial cases, children inherit one defective copy of the
RB gene in the germ line (one hit); the other copy is normal
(Fig. 7-30). Retinoblastoma develops when the normal RB
allele is mutated in retinoblasts as a result of spontaneous
somatic mutation (second hit). Because only a single
somatic mutation is required for loss of RB function in
retinoblastoma families, familial retinoblastoma is inher-
ited as an autosomal dominant trait.

© In sporadic cases both normal RB alleles must undergo
somatic mutation in the same retinoblast (two hits). The
end result is the same: a retinal cell that has completely lost
RB function becomes cancerous.

At this point we should clarify some terminology. A child
carrying an inherited mutant RB allele in all somatic cells is
perfectly normal (except for the increased risk of developing
cancer). Because such a child is heterozygous at the RB locus,
this implies that heterozygosity for the RB gene does not
affect cell behavior. Cancer develops when the cell becomes
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FIGURE 7-20  Pathogenesis of retinoblastoma. Two mutations of the RB locus on chromosome 13q14 lead to neoplastic proliferation
of the retinal cells. In the sporadic form both mutations at the AB locus are acquired by the retinal cells after birth. In the familial form,
all somatic cells inherit one mutant RB gene from a carrier parent. The second mutation affects the RB locus in one of the retinal cells

after birth.

homozygous for the mutant allele or, put another way, when the
cell loses heterozygosity for the normal RB gene (a condition
known as LOH, for loss of heterozygosity). The RB gene stands
as a paradigm for several other genes that act similarly. For
example, one or more genes on the short arm of chromosome
11 play a role in the formation of Wilms’ tumor, hepatoblas-
toma, and rhabdomyosarcoma. The von Hippel-Lindau (VHL)
gene is a tumor suppressor gene that causes familial clear cell
renal carcinomas and is also involved in sporadic forms of the
same tumor.%' Consistent and nonrandom LOH has provided
important clues to the location of several tumor suppressor
genes.

RB. RB protein, the product of the RB gene, is a ubiqui-
tously expressed nuclear phosphoprotein that plays a key role
in regulating the cell cycle. RB exists in an active hypophos-
phorylated state in quiescent cells and an inactive hyperphos-
phorylated state in the G,/S cell cycle transition (Fig. 7-31).
The importance of RB lies in its enforcement of G, or the gap
between mitosis (M) and DNA replication (S). In embryos,
cell divisions proceed at an amazing clip, with DNA replica-

tion beginning immediately after mitosis ends. However
as development proceeds, two gaps are incorporated into the
cell cycle: Gap 1 (G;) between mitosis (M) and DNA replica-
tion (S), and Gap 2 (G,) between DNA replication (S) and
mitosis (M) (see Fig. 7-29). Although each phase of the cell
cycle circuitry is monitored carefully, the transition from G
to S is believed to be an extremely important checkpoint in
the cell cycle clock. Once cells cross the G, checkpoint they
can pause the cell cycle for a time, but they are obligated t0
complete mitosis. In G,, however, cells can exit the cell cyclé
either temporarily, called quiescence, or permanently, called
senescence. In Gy, therefore, diverse signals are integrated to
determine whether the cell should enter the cell cycle, exit thﬁ
cell cycle and differentiate, or die. RB is a key node in this
decision process. To understand why RB is such a crucial
player, we must review the mechanisms that police the Gi
phase.® _

The initiation of DNA replication requires the activity Qf
cyclin E-CDK2 complexes, and expression of cyclin E B
dependent on the E2F family of transcription factors. Early1f
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inhibits transcription of genes whose products are required for the S phase of the cell cycle. When RB is phosphorylated by the cyclin
D-CDK4, cyclin D-CDKS, and cyclin E-CDK2 complexes, it releases E2F. The latter then activates transcription of S-phase genes. The
phosphorylation of RB is inhibited by CDKls, because they inactivate cyclin-CDK complexes. Virtually all cancer cells show dysregula-
tion of the G,-S checkpoint as a result of mutation in one of four genes that regulate the phosphorylation of RB; these genes are RB7,
CDK4, the genes encoding cyclin D proteins, and CDKN2A (p16). EGF, epidermal growth factor; PDGF, platelet-derived growth factor;
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TGF-f, transforming growth factor-beta.

Gy, RB is in its hypophosphorylated active form, and it binds
to and inhibits the E2F family of transcription factors, pre-
venting transcription of cyclin E. Hypophosphorylated RB
b!ocks E2F-mediated transcription in at least two ways (see
Fig. 7-31). First, it sequesters E2F, preventing it from interact-
Ing with other transcriptional activators. Second, RB recruits
chromatin-remodeling proteins, such as histone deacetylases
and histone methyltransferases, which bind to the promoters
of E2F-responsive genes such as cyclin.E. These enzymes
quify chromatin so as to make promoters insensitive to tran-
Scription factors. Mitogenic signaling leads to cyclin D expres-
Sion and activation of cyclin D-CDK4/6 complexes. These
complexes phosphorylate RB, inactivating the protein and
releasing E2F to induce target genes such as cyclin E. Expres-
Sion of cyclin E then stimulates DNA replication and progres-
Son through the cell cycle. When the cells enter S phase, they
e committed to divide without additional growth factor
Stimulation, During the ensuing M phase the phosphate
8I0ups are removed from RB by cellular phosphatases, regen-
fTating the hypophosphorylated form of RB. E2Fs are not the
Solele.ffectors of Rb-mediated G, arrest. Rb also controls the
Stability of the cell cycle inhibitor p27.5**

If RB is absent (as a result of gene mutations) or its ability
to regulate E2F transcription factors is derailed, the molecular
brakes on the cell cycle are released, and the cells move through
the cell cycle. The mutations of RB genes found in tumors are
localized to a region of the RB protein, called the “RB pocket,”
that is involved in binding to E2E However, the versatile
RB protein has also been shown to bind to a variety of
other transcription factors that regulate cell differentiation.”
For example, RB stimulates myocyte-, adipocyte-, melano-
cyte-, and macrophage-specific transcription factors. Thus,
the RB pathway couples control of cell cycle progression at G,
with differentiation, which may explain how differentiation is
associated with exit from the cell cycle. In addition to these
dual activities, RB can also induce senescence, discussed
below.

It was mentioned previously that germline loss or muta-
tions of the RB gene predispose to occurrence of retinoblas-
tomas and to a lesser extent osteosarcomas. Furthermore,
somatically acquired RB mutations have been described in
glioblastomas, small-cell carcinomas of lung, breast cancers,
and bladder carcinomas. Given the presence of RB in every
cell and its importance in cell cycle control, two questions
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arise: (1) Why do patients with germline mutation of the RB
locus develop mainly retinoblastomas? (2) Why are inactivat-
ing mutations of RB not much more common in human
cancers? The reason for the occurrence of tumors restricted to
the retina in persons who inherit one defective allele of RB is
not fully understood, but some possible explanations have
emerged from the study of mice with targeted disruption of
the b locus. For instance, RB family members may partially
complement its function in cell types other than retinoblasts.
Indeed, RB is a member of a small family of proteins, so-called
pocket proteins, which also include p107 and p130.° All three
proteins bind to E2F transcription factors. The complexity
grows; there are seven E2F proteins (named E2F1 through
E2F7), which function as either transcriptional activators or
repressors. The pocket proteins are all thought to regulate
progression through the cell cycle as well as differentiation in
a manner similar to that described for RB above. However,
each member of this protein family binds a different set of E2F
proteins and is also expressed at different times in the cell
cycle. Thus, although there is some redundancy in the network,
their functions are not completely overlapping. The complex-
ity of the pocket protein-E2F network is just now being
unraveled. For example, in a mouse model of retinoblastoma,
it has been shown that mutation of different members of the
network in various combinations generates retinoblastomas
not just from retinoblasts, but also from differentiated cells in
the retina, such as horizontal interneurons.®’

With respect to the second question (i.e., why the loss of RB
is not more common in human tumors), the answer is much
simpler: Mutations in other genes that control RB phosphory-
lation can mimic the effect of RB loss, and such genes are
mutated in many cancers that may have normal RB genes. Thus,
for example, mutational activation of cyclin D or CDK4 would
favor cell proliferation by facilitating RB phosphorylation. As
previously discussed, cyclin D is overexpressed in many tumors
because of gene amplification or translocation. Mutational
inactivation of CDKIs would also drive the cell cycle by unregu-
lated activation of cyclins and CDKs. Thus, the emerging para-
digm is that loss of normal cell cycle control is central to malignant
transformation and that at least one of four key regulators of the
cell cycle (p16/INK4a, cyclin D, CDK4, RB) is dysregulated in the
vast majority of human cancers.*® In cells that harbor mutations
in any one of these other genes, the function of RB is disrupted
even if the RB gene itself is not mutated.”

The transforming proteins of several oncogenic animal and
human DNA viruses seem to act, in part, by neutralizing the
growth-inhibitory activities of RB. In these cases, RB protein
is functionally inactivated by the binding of a viral protein and
no longer acts as a cell cycle inhibitor. Simian virus 40 and
polyomavirus large T antigens, adenoviruses EIA protein, and
HPV E7 protein all bind to the hypophosphorylated form of
RB. The binding occurs in the same RB pocket that normally
sequesters E2F transcription factors; in the case of HPV the
binding is particularly strong for viral types, such as HPV type
16, that confer high risk for the development of cervical
carcinomas. Thus, the RB protein, unable to bind the E2F
transcription factors, is functionally inactivated, and the tran-
scription factors are free to cause cell cycle progression.

Several other pathways of cell growth regulation, some to
be discussed in more detail later, also converge on RB (see Fig.
7-31):

P53: Guardian of the Genome. The p53 gene is located gy
chromosome 17p13.1, and it is the most common target for
genetic alteration in human tumors.”’ (The official name of
the gene is TP53 and the protein is p53; for the sake of simplic.
ity, we refer to both as “p53”) A little over 50% of humgy
tumors contain mutations in this gene. Homozygous loss of p53
occurs in virtually every type of cancer, including carcinomag
of the lung, colon, and breast—the three leading causes of
cancer death. In most cases, the inactivating mutations affect
both p53 alleles and are acquired in somatic cells (not inher.
ited in the germ line). Less commonly, some individuals
inherit one mutant p53 allele. As with the RB gene, inheritance
of one mutant allele predisposes individuals to develop malig-
nant tumors because only one additional “hit” is needed tg
inactivate the second, normal allele. Such individuals, said tg
have the Li-Fraumeni syndrome, have a 25-fold greater chance
of developing a malignant tumor by age 50 than the general
population.” In contrast to individuals who inherit a mutant
RB allele, the spectrum of tumors that develop in persons with
the Li-Fraumeni syndrome is quite varied; the most common
types of tumors are sarcomas, breast cancer, leukemia, brain
tumors, and carcinomas of the adrenal cortex. As compared
with sporadic tumors, those that afflict patients with the Li-
Fraumeni syndrome occur at a younger age, and a given indi-
vidual may develop multiple primary tumors.”

The fact that p53 mutations are common in a variety of
human tumors suggests that the p53 protein functions asa
critical gatekeeper against the formation of cancer. Indeed, itis
evident that p53 acts as a “molecular policeman” that prevents
the propagation of genetically damaged cells. p53 is a transcrip-
tion factor that is at the center of a large network of signals that
sense cellular stress, such as DNA damage, shortened telomeres,
and hypoxia. Many activities of the p53 protein are related to its
function as a transcription factor. Several hundred genes have
been shown to be regulated by p53 in numerous different con-
texts, but which genes are the key for the p53 response is not yet
clear. Approximately 80% of the p53 point mutations presentin
human cancers are located in the DNA-binding domain of the
protein. However, the effects of different point mutations vary
considerably; in some cases there is complete abrogation of
transcriptional capabilities, whereas other mutants retain the
ability to bind to and activate a subset of genes. In addition to
somatic and inherited mutations, p53 functions can be inacti-
vated by other mechanisms. As with RB, the transforming pro-
teins of several DNA viruses, including the E6 protein of HP;
can bind to and promote the degradation of p53. Also, anala-
gous to RB, it is thought that in the majority of tumors without
a p53 mutation, the function of the p53 pathway is blocked by
mutation in another gene that regulates p53 function. For
example, MDM2 and MDMX stimulate the degradation of
p53; these proteins are frequently overexpressed in malignan-
cies in which the gene encoding p53 is not mutated. Indeed,
MDM2 isamplified in 33% of human sarcomas, thereby causing
functional loss of p53 in these tumors.”*”

p53 thwarts neoplastic transformation by three interlocking
mechanisms: activation of temporary cell cycle arrest (quies:
cence), induction of permanent cell cycle arrest (senescence), 0f
triggering of programmed cell death (apoptosis).

In nonstressed, healthy cells, p53 has a short half-life (2.0
minutes), because of its association with MDM2, a protel
that targets it for destruction. When the cell is stressed, fof
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mple by an assault on its DNA, p53 undergoes post-tran-  has been shown that p53 activates transcription of the mir34
gxaj t[i)onal modifications that release it from MDM2 and family of miRNAs (mir34a—mir34c).” miRNAs, as discussed
-?,C]:lgase its half-life. Unshackled from MDM2, p53 also in Chapter 5, bind to cognate sequences in the 3" untranslated

becomes activated as a transcription factor. Hundreds of genes region of mRNAs, preventing translatien (Fig. 7-32B). Inter-
whose transcription is triggered by p53 have been found.”*” estingly, blocking mir34 severely hampered the p53 response
They can be grouped into two broad categories: Fhose that in cel.ls, while ectopic expression of mir34 without p53 activa-
cause cell cycle arrest and those that cause apoptosis. If DNA  tion is sufﬁcient to induce growth arrest and apoptosis. Thus,
damage can be repaired during cell cycle arrest, the cell reverts  mir34 microRNAs are able to recapitulate many of the func-
to a normal state; if the repair fails, p53 1nduce;s apoptosis or tions of p53. and are necessary for these functions, demon-
senescence. Recently, however, the plot has thickened. It has  strating the importance of mir34 to the p53 response. Targets
been known that repression of a subset of pro-proliferative of mir34s include pro-proliferative genes such as cyclins, and
and anti-apoptotic genes is key to the p53 response, but it was  anti-apoptotic genes such as BCL2. p53 regulation of mir34
not clear how p53 achieved repression, since in most assays it explains, at least in part, how p53 is able to repress gene
seemed to be an activator of transcription. At this point enter  expression, and it seems that regulation of this miRNA is
the recently famous miRNAs, the small guys with big clubs. It crucial for the p53 response.
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The manner in which p53 senses DNA damage and deter-
mines the adequacy of DNA repair is beginning to be under-
stood. The key initiators of the DNA-damage pathway are two
related protein kinases: ataxia-telangiectasia mutated (ATM)
and ataxia-telangiectasia and Rad3 related (ATR).””7® As the
name implies, the ATM gene was originally identified as the
germ-line mutation in individuals with ataxia-telangiectasia.
Persons with this disease, which is characterized by an inability
to repair certain kinds of DNA damage, suffer from an increased
incidence of cancer. The types of damage sensed by ATM and
ATR are different, but the downstream pathways they activate
are similar. Once triggered, both ATM and ATR phosphorylate
a variety of targets, including p53 and DNA-repair proteins.
Phosphorylation of these two targets leads to a pause in the cell
cycle and stimulation of DNA-repair pathways, respectively.

p53-mediated cell cycle arrest may be considered the primor-
dial response to DNA damage (Fig. 7-32). It occurs late in the
G, phase and is caused mainly by p53-dependent transcrip-
tion of the CDK inhibitor CDKNIA (p21). As discussed, p21
inhibits cyclin-CDK complexes and phosphorylation of RB,
thereby preventing cells from entering G, phase. Such a pause
in cell cycling is welcome, because it gives the cells “breathing
time” to repair DNA damage. p53 also helps the process by
inducing certain proteins, such as GADD45 (growth arrest
and DNA damage), that help in DNA repair.”® p53 can stimu-
late DNA-repair pathways by transcription-independent
mechanisms as well. If DNA damage is repaired successfully,
p53 up-regulates transcription of MDM2, leading to its own
destruction and thus releasing the cell cycle block. If the
damage cannot be repaired, the cell may enter p53-induced
senescence or undergo p53-directed apoptosis.

p53-induced senescence is a permanent cell cycle arrest char-
acterized by specific changes in morphology and gene expres-
sion that differentiate it from quiescence or reversible cell cycle
arrest. Senescence requires activation of p53 and/or RB and
expression of their mediators, such as the CDK inhibitors, and
is generally irreversible, although it may require the continued
expression of p53. The mechanisms of senescence are unclear
but involve epigenetic changes that result in the formation of
heterochromatin at different loci throughout the genome.”
These senescence-associated heterochromatin foci include
pro-proliferative genes regulated by E2F; this drastically and
permanently alters expression of these E2F targets. Like all p53
responses, senescence may be stimulated in response to a
variety of stresses, such as unopposed oncogene signaling,
hypoxia, and shortened telomeres.

Dp53-induced apoptosis of cells with irreversible DNA damage
is the ultimate protective mechanism against neoplastic trans-
formation. p53 directs the transcription of several pro-apop-
totic genes such as BAX and PUMA (approved name BBC3;
described later). Exactly how a cell decides whether to repair
its DNA or to enter apoptosis is unclear. It appears that the
affinity of p53 for the promoters and enhancers of DNA-
repair genes is stronger than its affinity for pro-apoptotic
genes.* Thus, the DNA-repair pathway is stimulated first,
while p53 continues to accumulate. Eventually, if the DNA
damage is not repaired, enough p53 accumulates to stimulate
transcription of the pro-apoptotic genes and the cell dies.
While this scheme is generally correct, there seem to be impor-
tant cell type-specific responses as well, with some cell types
succumbing to apoptosis early, while others opt for senes-

cence.” Such differential responses may be related to the fune.
tions of other p53 family members expressed in different ce}
types (see below).

To summarize, p53 links cell damage with DNA repair, col]
cycle arrest, and apoptosis. In response to DNA damage, p53 s
phosphorylated by genes that sense the damage and are involyeg
in DNA repair. p53 assists in DNA repair by causing G, arres
and inducing DNA-repair genes. A cell with damaged DNA thgy
cannot be repaired is directed by p53 to undergo apoptosis (sep
Fig. 7-32). In view of these activities, p53 has been rightfully
called a “guardian of the genome.” With loss of function of p53,
DNA damage goes unrepaired, mutations accumulate in divid-
ing cells, and the cell marches along a one-way street leading tg
malignant transformation.

The ability of p53 to control apoptosis in response to DNA
damage has important practical therapeutic implications,
Irradiation and chemotherapy, the two common modalitieg
of cancer treatment, mediate their effects by inducing DNA
damage and subsequent apoptosis. Tumors that retain normal
p53 are more likely to respond to such therapy than tumors
that carry mutated alleles of the gene. Such is the case with
testicular teratocarcinomas and childhood acute lymphoblas-
tic leukemias. By confrast, tumors such as lung cancers
and colorectal cancers, which frequently carry p53 mutations,
are relatively resistant to chemotherapy and irradiation.
Various therapeutic modalities aimed at increasing normal
p53 activity in tumor cells that retain this type of activity or
selectively killing cells with defective p53 function are being
investigated.

The discovery of p53 family members p63 and p73 has
revealed that p53 has collaborators. Indeed, p53, p63, and p73
are players in a complex network with significant cross-talk
that is only beginning to be unraveled.*"* p53 is ubiquitously
expressed, while p63 and p73 show more tissue specificity. For
example, p63 is essential for the differentiation of stratified
squamous epithelia, while p73 has strong pro-apoptotic effects
after DNA damage induced by chemotheraputic agents. Fur-
thermore, both p63 and p73, and probably p53 as well, are
expressed as different isoforms, some of which act as tran- =
scriptional activators and others that function as dominant
negatives. An illustrative example of the concerted actions of
these three musketeers is seen in the so-called basal subset of
breast cancers, which have a poor prognosis. These tumors
have been shown to have mutations in p53 and additionally
express a dominant-negative version of p63 that antagonizes
the apoptotic activity of p73. This perturbation of the p53-
p63-p73 network contributes to the chemoresistance and poor
prognosis of these tumors.”

APC/B-Catenin Pathway. Adenomatous polyposis coli
genes (APC) represents a class of tumor suppressors whose
main function is to down-regulate growth-promoting signals:
Germ-line mutations at the APC (5q21) loci are associat
with familial adenomatous polyposis, in which all individuals
born with one mutant allele develop thousands of adenoma-
tous polyps in the colon during their teens or 20s (familial
adenomatous polyposis; Chapter 17). Almost invariably, oné
or more of these polyps undergoes malignant transformation;
giving rise to colon cancer. As with other tumor suppressor
genes, both copies of the APC gene must be lost for a tumor
to arise. This conclusion is supported by the development of
colon adenomas in mice with targeted disruption of apc genes




WNT recepto

Destructicn
complex

NO proliferation

FIGURE 7-

Proliferation

CHAPTER 7 Neoplasia 293

X \APC
APC | ‘ 0 Yoy

‘ .
£
i | B-catenin l
' Ve
I
{
|
| i

Proliferation

A, The role of APC in regulating the stability and function of B-catenin. APC and B-catenin are components of the WNT

signaling pathway. In resting cells (not exposed to WNT), -catenin forms a macromolecular complex containing the APC protein. This
complex leads to the destruction of B-catenin, and intracellular levels of B-catenin are low. B, When cells are stimulated by WNT mole-
cules, the destruction complex is deactivated, f-catenin degradation does not occur, and cytoplasmic levels increase. B-catenin trans-
locates to the nucleus, where it binds to TCF, a transcription factor that activates genes involved in cell cycle progression. C, When
APC is mutated or absent, the destruction of -catenin cannot occur. B-catenin translocates to the nucleus and coactivates genes that
promote entry into the cell cycle, and cells behave as if they are under constant stimulation by the WNT pathway.

in the colonic mucosa.?* As discussed later, several additional
mutations must occur if cancers are to develop in the adeno-
mas. In addition to these tumors, which have a strong heredi-
tary predisposition, 70% to 80% of nonfamilial colorectal
carcinomas and sporadic adenomas also show homozygous
loss of the APC gene, thus firmly implicating APC loss in the
pathogenesis of colonic tumors.®

APC is a component of the WNT signaling pathway, which
has a major role in controlling cell fate, adhesion, and cell
polarity during embryonic development (Fig. 7-33). WNT
Signaling is also required for self-renewal of hematopoietic
stem cells. WNT signals through a family of cell surface recep-
tors called frizzled (FRZ), and stimulates several pathways, the
central one involving B-catenin and APC.

Animportant function of the APC protein is to down-regulate
ﬁ.—catenin. In the absence of WNT signaling APC causes degrada-
fion of B-catenin, preventing its accumulation in the cytoplasm.®
It does so by forming a macromolecular complex with [3-
€atenin, axin, and GSK3P, which leads to the phosphorylation
and eventually ubiquitination of B-catenin and destruction by
the proteasome. Signaling by WNT blocks the APC-AXIN-

SK3B destruction complex, allowing B-catenin to translocate
from the cytoplasm to the nucleus. In the cell nucleus, B-
catenin forms a complex with TCF, a transcription factor that
Up-regulates cellular proliferation by increasing the transcrip-
tion of c-j1yC, cyclin D1, and other genes. Since inactivation

of the APC gene disrupts the destruction complex, 3-catenin
survives and translocates to the nucleus, where it can activate
transcription in cooperation with TCE® Thus, cells with loss
of APC behave as if they are under continuous WNT signaling.
The importance of the APC/B-catenin signaling pathway in
tumorigenesis is attested to by the fact that colon tumors that
have normal APC genes harbor mutations in B-catenin that
prevent its destruction by APC, allowing the mutant protein to
accumulate in the nucleus. Dysregulation of the APC/-catenin
pathway is not restricted to colon cancers; mutations in the
B-catenin gene are present in more than 50% of hepatoblasto-
mas and in approximately 20% of hepatocellular carcinomas.®
As mentioned in Chapter 3, -catenin binds to the cytoplasmic
tail of E-cadherin, a cell surface protein that maintains inter-
cellular adhesiveness. Loss of cell-cell contact, such as in a
wound or injury to the epithelium, disrupts the interaction
between E-cadherin and [B-catenin, and allows B-catenin to
travel to the nucleus and stimulate proliferation; this is an
appropriate response to injury that can help repair the wound.
Re-establishment of these E-cadherin contacts as the wound
heals leads to B-catenin again being sequestered at the mem-
brane and reduction in the proliferative signal; these cells
are said to be “contact-inhibited.” Loss of contact inhibition,
by mutation of the E-cadherin/B-catenin axis, or by other
methods, is a key characteristic of carcinomas. Furthermore,
loss of cadherins can favor the malignant phenotype by
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allowing easy disaggregation of cells, which can then invade
locally or metastasize. Reduced cell surface expression of E-
cadherin has been noted in many types of cancers, including
those that arise in the esophagus, colon, breast, ovary, and
prostate.”” Germline mutations of the E-cadherin gene can
predispose to familial gastric carcinoma, and mutation of the
gene and decreased E-cadherin expression are present in a
variable proportion of gastric cancers of the diffuse type. The
molecular basis of reduced E-cadherin expression is varied. In
a small proportion of cases, there are mutations in the E-cad-
herin gene (located on 16q); in other cancers, E-cadherin
expression is reduced as a secondary effect of mutations in -
catenin genes. Additionally, E-cadherin may be down-regu-
lated by transcription repressors, such as SNAIL, which have
been implicated in epithelial-to-mesenchymal transition and
metastasis® (discussed below).

Other Genes That Function as Tumor Suppressors. There
is little doubt that many more tumor suppressor genes remain
to be discovered. Often, their location is suspected by the
detection of consistent sites of chromosomal deletions or by
analysis of LOH. Some of the tumor suppressor genes that are
associated with well-defined clinical syndromes are briefly
described below (see Table 7-8):

INK4a/ARFE. Also called the CDKN2A gene locus, the
INK4a/ARF locus encodes two protein products; the pl6/
INK4a CDKI, which blocks cyclin D/CDK2-mediated phos-
phorylation of RB, keeping the RB checkpoint in place. The
second gene product, pl14/ARF, activates the p53 pathway by
inhibiting MDM2 and preventing destruction of p53. Both
protein products function as tumor suppressors, and thus
mutation or silencing of this locus impacts both the RB and
p53 pathways. p16 in particular is crucial for the induction of
senescence. Mutations at this locus have been detected in
bladder, head and neck tumors, acute lymphoblastic leuke-
mias, and cholangiocarcinomas. In some tumors, such as
cervical cancer, pl6/INK4a is frequently silenced by hyper-
methylation of the gene, without the presence of a mutation
(see discussion of epigenetic changes). The other CDKIs also
function as tumor suppressors and are frequently mutated or
otherwise silenced in many human malignancies, including
20% of familial melanomas, 50% of sporadic pancreatic
adenocarcinomas, and squamous cell carcinomas of the
esophagus.

The TGF-B Pathway. In most normal epithelial, endothe-

‘lial, and hematopoietic cells, TGF-B is a potent inhibitor of

proliferation. It regulates cellular processes by binding to a
serine-threonine kinase complex composed of TGF-P recep-
tors I and II. Dimerization of the receptor upon ligand binding
leads to activation of the kinase and phosphorylation of recep-
tor SMADs (R-SMADs). Upon phosphorylation, R-SMADs
can enter the nucleus, bind to SMAD-4, and activate tran-
scription of genes, including the CDKIs p21 and p15/INK4b.
In addition, TGF-f signaling leads to repression of c-MYC,
CDK2, CDK4, and cyclins A and E. As can be inferred from
our earlier discussion, these changes result in decreased phos-
phorylation of RB and cell cycle arrest.

In many forms of cancer the growth-inhibiting effects of
TGF-B pathways are impaired by mutations in the TGF-j
signaling pathway. These mutations may affect the type Il
TGF-B receptor or interfere with SMAD molecules that serve

to transduce antiproliferative signals from the receptor to the
nucleus. Mutations affecting the type 1I receptor are seen iy
cancers of the colon, stomach, and endometrium. Mutationg]
inactivation of SMAD4 is common in pancreatic cancers. I
100% of pancreatic cancers and 83% of colon cancers, at legs
one component of the TGF-J pathway is mutated. However, ip
many cancers, loss of TGF-B-mediated growth inhibitiop
occurs at a level downstream of the core signaling pathway,
for example, loss of p21 and/or persistent expression of c-Mye,
These tumor cells can then use other elements of the TGE.
B-induced program, including immune system suppression/
evasion or promotion of angiogenesis, to facilitate tumor pro-
gression.”” Thus TGF-B can function to prevent or promote
tumor growth, depending on the state of other genes in the
cell.

PTEN. PTEN (Phosphatase and tensin homologue) is a
membrane-associated phosphatase encoded by a gene on
chromosome 1023 that is mutated in Cowden syndrome, an
autosomal dominant disorder marked by frequent benign
growths, such as tumors of the skin appendages, and an
increased incidence of epithelial cancers, particularly of the
breast (Chapter 23), endometrium, and thyroid. PTEN acts as
a tumor suppressor by serving as a brake on the pro-survivalf
pro-growth PI3K/AKT pathway’®® As you will recall from
Chapter 3, this pathway is normally stimulated (along with the
RAS and JAK/STAT pathways) when ligands bind to receptor
tyrosine kinases and involves a cascade of phosphorylation
events. First, PI3K (phosphoinositide 3-kinase) phosphory-
lates the lipid inositide-3-phosphate to give rise to inositide-
3,4,5-triphosphate, which binds and activates the kinase
PDK1. PDK1 and other factors in turn phosphorylate and
activate the serine/threonine kinase AKT, which is a major
node in the pathway with several important functions. By
phosphorylating a number of substrates, including BAD and
MDM2, AKT enhances cell survival. AKT also inactivates
the TSC1/TSC2 complex. TSC1 and TSC2 are the productso
f two tumor suppressor genes that are mutated in tuberous
sclerosis (Chapter 28), an autosomal dominant disorder
associated with developmental malformations and unusual
benign neoplasms such as cardiac rhabdomyomas (Chapter
12), renal angiomyolipomas, and giant cell astrocytomas.
Inactivation of TSC1/TSC2 unleashes the activity of yet
another kinase called mTOR (mammalian target of rapamy-
cin, a potent immunosuppressive drug), which stimulates the
uptake of nutrients such as glucose and amino acids that are
needed for growth and augments the activity of several factors
that are required for protein synthesis. Although acquired loss
of PTEN function is one of the most common ways that
PI3K/AKT signaling is upregulated in various cancers, many
other components of the pathway, including PI3K itself, may
also be mutated so as to increase signaling. Considering all of
these molecular lesions collectively, it is said that this may be
the most commonly mutated pathway in human cancer. As@
result there is great interest in targeting the PI3K/AKT pathway
with inhibitors of mTOR, AKT, and other kinases in the
pathway.

NF1. Individuals who inherit one mutant allele of the NEI
gene develop numerous benign neurofibromas and opti€
nerve gliomas as a result of inactivation of the second copy of
the gene.” This condition is called neurofibromatosis type !




(Chapter 27). Some of the neurofibromas later develop into
malignant peripheral nerve sheath tumors. Neuroﬁbromm, the

rotein product of the NFI gene, contains a GTPase-activating
domain, which regulates signal transduction through RAS

roteins. Recall that RAS transmits groth—promoting signals
and flips back and forth between GDP-blr.ldlng.(.mactlve) and
GTP-binding (active) stat'eS. Neuroﬁbromm facﬂltat_es conver-
sion of RAS from an active to an inactive state. With loss of
peurofibromin function, RAS is trapped in an active, signal-
emitting state.

NF2. Germline mutations in the NF2 gene predispose to
the development of neurofibromatosis type 2. As discussed in
Chapter 27, individuals with mutations in NF2 develop benign
bilateral schwannomas of the acoustic nerve. In addition,
somatic mutations affecting both alleles of NF2 have also been
found in sporadic meningiomas and ependymomas. The
product of the NF2 gene, called neurofibromin 2 or merlin,
shows a great deal of homology with the red cell membrane
cytoskeletal protein 4.1 (Chapter 14), and is related to the ERM
{ezrin, radixin, and moesin) family of membrane cytoskele-
ton-associated proteins. Although the mechanism by which
merlin deficiency leads to carcinogenesis is not known, cells
lacking this protein are not capable of establishing stable cell-
to-cell junctions and are insensitive to normal growth arrest
signals generated by cell-to-cell contact. Merlin is a key member
of the Salvador-Warts-Hippo (SWH) tumor suppressor
pathway, originally described in Drosophila. The signaling
pathway controls organ size by modulating cell growth, prolif-
eration, and apoptosis. Many human homologues of genes in
the SWH pathway have been implicated in human cancers.”

VHL. Germline mutations of the von Hippel-Lindau (VHL)
gene on chromosome 3p are associated with hereditary renal
cell cancers, pheochromocytomas, hemangioblastomas of the
central nervous system, retinal angiomas, and renal cysts.®
Mutations of the VHL gene have also been noted in sporadic
renal cell cancers (Chapter 20). The VHL protein is part of a
ubiquitin ligase complex. A critical substrate for this activity is
HIFla: (hypoxia-inducible transcription factor 1a). In the
presence of oxygen, HIFla is hydroxylated and binds to the
VHL protein, leading to ubiquitination and proteasomal deg-
radation. This hydroxylation reaction requires oxygen; in
hypoxic environments the reaction cannot occur, and HIF1o
€scapes recognition by VHL and subsequent degradation.
HiF1o: can then translocate to the nucleus and turn on many
genes, such as the growth/angiogenic factors vascular endothe-
lial growth factor (VEGF) and PDGE. Lack of VHL activity
Prevents ubiquitination and degradation of HIF10and is asso-
clated with increased levels of angiogenic growth factors.

er- The WTI gene, located on chromosome 11p13, is
associated with the development of Wilms’ tumor, a pediatric
Kidney cancer.” Both inherited and sporadic forms of Wilms’
tumor occur, and mutational inactivation of the WTI locus
has been seen in both forms. The WT1 protein is a transcrip-
thrllall'activator of genes involved in renal and gonadal differ-
€Ntiation. [t regulates the mesenchymal-to-epithelial transition
that occurs in kidney development. Though not precisely
]C(in(’Wn3 it is likely that the tumorigenic effect of WT1 defi-
2ENCy is intimately connected with the role of the gene in the

A fer?ntiation of genitourinary tissues. Interestingly, although

lisa tumor suppressor in Wilms’ tumor, a variety of adult
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cancers, including leukemias and breast carcinomas, have also
been shown to overexpress WT1. Since these tissues do not
normally express WTT1 at all, it has been suggested that WT1
may function as an oncogene in these cancers. Another Wilms’
gene, WT2, located on 11p15, is associated with the Beckwith-
Wiedemann syndrome (Chapter 10).

Patched (PTCH). PTCHI and PTCH?2 are tumor suppres-
sor genes that encode a cell membrane protein (PATCHED),
which functions as a receptor for a family of proteins called
Hedgehog.”® The Hedgehog/PATCHED pathway regulates
several genes, including TGF-f and PDGFRA and PDGFRB.
Mutations in PTCH are related to Gorlin syndrome, an inher-
ited condition also known as nevoid basal cell carcinoma syn-
drome (see Chapter 26). PTCH mutations are present in 20%
to 50% of sporadic cases of basal cell carcinoma. About one half
of such mutations are of the type caused by UV exposure.

EVASION OF APOPTOSIS

Accumulation of neoplastic cells may result not only from
activation of growth-promoting oncogenes or inactivation of
growth-suppressing tumor suppressor genes, but also from
mutations in the genes that regulate apoptosis.”’~* Thus, apop-
tosis represents a barrier that must be surmounted for cancer
to occur. In the adult, cell death by apoptosis is a physiologic
response to several pathologic conditions that might contrib-
ute to malignancy if the cells remained viable. A cell with
genomic injury can be induced to die, preventing the accumu-
lation of cells with mutations. A variety of signals, ranging
from DNA damage to loss of adhesion to the basement mem-
brane (termed anoikis), can trigger apoptosis. A large family of
genes that regulate apoptosis has been identified. Before we can
understand how tumor cells evade apoptosis, it is essential to
review briefly the biochemical pathways to apoptosis.

As discussed in Chapter 1, there are two distinct programs
that activate apoptosis, the extrinsic and intrinsic pathways.
Figure 7-34 shows, in simplified form, the sequence of events
that lead to apoptosis by signaling through the death receptor
CD95/Fas (extrinsic pathway) and by DNA damage (intrinsic
pathway). The extrinsic pathway is initiated when CD95/Fas
binds to its ligand, CD95L/FasL, leading to trimerization of
the receptor and its cytoplasmic death domains, which attract
the intracellular adaptor protein FADD. This protein recruits
procaspase 8 to form the death-inducing signaling complex.
Procaspase 8 is activated by cleavage into smaller subunits,
generating caspase 8. Caspase 8 then activates downstream
caspases such as caspase 3, a typical executioner caspase that
cleaves DNA and other substrates to cause cell death. Addi-
tionally, caspase 8 can cleave and activate the BH3-only protein
BID, activating the intrinsic pathway as well. The intrinsic
pathway of apoptosis is triggered by a variety of stimuli,
including withdrawal of survival factors, stress, and injury.
Activation of this pathway leads to permeabilization of the
mitochondrial outer membrane, with resultant release of mol-
ecules, such as cytochrome ¢, that initiate apoptosis. The integ-
rity of the mitochondrial outer membrane is regulated by
pro-apoptotic and anti-apoptotic members of the BCL2 family
of proteins.'” The pro-apoptotic proteins BAX and BAK
are required for apoptosis and directly promote mitochon-
drial permeabilization. Their action is inhibited by the
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FIGURE 7-34 CD95 receptor-induced and DNA damage-trig-
gered pathways of apoptosis and mechanisms used by tumor
cells to evade cell death. (1) Reduced CD95 level. (2) Inactivation
of death-induced signaling complex by FLICE protein (caspase 8;
apoptosis-related cysteine peptidase). (3) Reduced egress of cyto-
chrome ¢ from mitochondrion as a result of up-regulation of
BCL2. (4) Reduced levels of pro-apoptotic BAX resulting from loss
of p53. (5) Loss of apoptotic peptidase activating factor 1 (APAF1).
(6} Up-regulation of inhibitors of apoptosis (IAP). FADD, Fas-asso-
ciated via death domain.

anti-apoptotic members of this family exemplified by BCL2
and BCL-XL. A third set of proteins (so-called BH3-only pro-
teins), including BAD, BID, and PUMA, regulate the balance
between the pro- and anti-apoptotic members of the BCL2
family. The BH3-only proteins sense death-inducing stimuli
and promote apoptosis by neutralizing the actions of anti-
apoptotic proteins like BCL2 and BCL-XL. When the sum
total of all BH3 proteins expressed “overwhelms” the anti-
apoptotic BCL2/BCL-XL protein barrier, BAX and BAK are
activated and form pores in the mitochondrial membrane.
Cytochrome ¢ leaks into the cytosol, where it binds to APAF]1,
activating caspase 9. Like caspase 8 of the extrinsic pathway,
caspase 9 can cleave and activate the executioner caspases. The
caspases can be inhibited by a family of proteins called Inhibi-
tors of Apoptosis Proteins (IAPs). Some tumors avoid apop-

tosis by upregulating these proteins, and there is interest iy
developing drugs that can block the interaction between IAPg
and caspases. Because of the pro-apoptotic effect of BH3-only
proteins, efforts are underway to develop BH3 mimetjc
drugs.

Within this framework it is possible to illustrate the multj-
ple sites at which apoptosis is frustrated by cancer cells'"” (see
Fig. 7-34). Starting from the surface, reduced levels of CD95;
Fas may render the tumor cells less susceptible to apoptosis by
CD95L/FasL. Some tumors have high levels of FLIP, a proteip
that can bind death-inducing signaling complex and prevent
activation of caspase 8. Of all these genes, perhaps best estap-
lished is the role of BCL2 in protecting tumor cells from apopto-
sis. As discussed later, approximately 85% of B-cell lymphomas
of the follicular type (Chapter 13) carry a characteristic
t(14;18)(q32;q21) translocation. Recall that 14q32, the site
where immunoglobulin heavy-chain (IgH) genes are found, is
also involved in the pathogenesis of Burkitt lymphoma. Jux-
taposition of this transcriptionally active locus with BCL2
(located at 18q21) causes overexpression of the BCL2 protein,
This in turn increases the BCL2/BCL-XL bulffer, protecting
lymphocytes from apoptosis and allowing them to survive for
long periods; there is therefore a steady accumulation of B
lymphocytes, resulting in lymphadenopathy and marrow
infiltration. Because BCL2-overexpressing lymphomas arise in
large part from reduced cell death rather than explosive cell
proliferation, they tend to be indolent (slow growing) com-
pared with many other lymphomas.

As mentioned before, p53 is an important pro-apoptotic gene
that induces apoptosis in cells that are unable to repair DNA
damage. The actions of p53 are mediated in part by transcrip-
tional activation of BAX, but there are other connections as
well between p53 and the apoptotic machinery. Thus, the
apoptotic machinery in cancer may be thwarted by mutations
affecting the component proteins directly, as well as by loss of
sensors of genomic integrity such as p53.

LIMITLESS REPLICATIVE POTENTIAL:
TELOMERASE

As was discussed in the section on cellular aging (Chapter 1),
most normal human cells have a capacity of 60 to 70 dou-
blings. After this, the cells lose their ability to divide and
become senescent. This phenomenon has been ascribed to
progressive shortening of felomneres at the ends of chromo-
somes. Indeed, short telomeres seem to be recognized by the
DNA-repair machinery as double-stranded DNA breaks, and
this leads to cell cycle arrest mediated by p53 and RB.'” In
cells in which the checkpoints are disabled by p53 or RBI
mutations, the nonhomologous end-joining pathway is acti-
vated as a last-ditch effort to save the cell, joining the short-
ened ends of two chromosomes.'” This inappropriately
activated repair system results in dicentric chromosomes that
are pulled apart at anaphase, resulting in new double-stranded
DNA breaks. The resulting genomic instability from the
repeated bridge-fusion-breakage cycles eventually produces
mitotic catastrophe, characterized by massive cell death. If
follows that for tumors to grow indefinitely, as they often do, 1055
of growth restraints is not enough. Tumor cells must also develop
ways to avoid both cellular senescence and mitotic catastrophe
(Fig. 7-35). If during crisis a cell manages to reactivate telom-
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FIGURE 7-77 Sequence of events in the development of limitless replicative potential. Replication of somatic cells, which do not
express telomerase, leads to shortened telomeres. In the presence of competent checkpoints, cells undergo arrest and enter nonrepli-
cative senescence. In the absence of checkpoints, DNA-repair pathways are inappropriately activated, leading to the formation of
dicentric chromosomes. At mitosis the dicentric chromosomes are pulled apart, generating random double-stranded breaks, which
then activaie DNA-repair pathways, leading to the random association of double-stranded ends and the formation, again, of dicentric
chromosomes. Cells undergo numerous rounds of this bridge-fusion-breakage cycle, which generates massive chromosomal instability
and numerous mutations. If cells fail to re-express telomerase, they eventually undergo mitotic catastrophe and death. Re-expression

erase, the bridge-fusion-breakage cycles cease and the cell is
able to avoid death. However, during the period of genomic
instability that precedes telomerase activation, numerous
mutations could accumulate, helping the cell march toward
malignancy. Passage through a period of genomic instability
may explain the complex karyotypes frequently seen in human
carcinomas. Telomerase, active in normal stem cells, is nor-
mally absent, or expressed at very low levels in most somatic
cells. By contrast, telomere maintenance is seen in virtually all
types of cancers. In 85% to 95% of cancers, this is due to up-
regulation of the enzyme telomerase. A few tumors use other
mechanisms, termed alternative lengthening of telomeres, which
probably devend on DNA recombination. Interestingly, in the
Progression from colonic adenoma to colonic adenocarci-
oma, early lesions had a high degree of genomic instability
with low telomerase expression, whereas malignant lesions
had compjex karyotypes with high levels of telomerase activ-
1y, consistent with a model of telomere-driven tumorigenesis
I human cancer, Several other mechanisms of genomic insta-
bility are discussed later.

ANGIOGENESIS

{5"’611 with all the genetic abnormalities discussed above, solid
t"mors cannot enlarge beyond 1 to 2 mm in diameter unless
€Y are vascularized. Like normal tissues, tumors require

of telomerase allows the cells to escape the bridge-fusion-breakage cycle, thus promoting their survival and tumorigenesis.

delivery of oxygen and nutrients and removal of waste
products; presumably the 1- to 2-mm zone represents the
maximal distance across which oxygen, nutrients, and waste
can diffuse from blood vessels. Cancer cells can stimulate neo-
angiogenesis, during which new vessels sprout from previ-
ously existing capillaries, or, in some cases, vasculogenesis, in
which endothelial cells are recruited from the bone marrow
(Chapter 3). Tumor vasculature is abnormal, however. The
vessels are leaky and dilated, and have a haphazard pattern of
connection. Neovascularization has a dual effect on tumor
growth: perfusion supplies needed nutrients and oxygen, and
newly formed endothelial cells stimulate the growth of adja-
cent tumor cells by secreting growth factors, such as insulin-
like growth factors (IGFs),PDGF and granulocyte-macrophage
colony-stimulating factor. Angiogenesis is required not only
for continued tumor growth but also for access to the vascu-
lature and hence for metastasis. Angiogenesis is thus a necessary
biologic correlate of malignancy.”*

How do growing tumors develop a blood supply? The
emerging paradigm is that tumor angiogenesis is controlled
by the balance between angiogenesis promoters and inhibi-
tors. Early in their growth, most human tumors do not induce
angiogenesis. They remain small or in situ, possibly for years,
until the angiogenic switch terminates this stage of vascular
quiescence.'” The molecular basis of the angiogenic switch
involves increased production of angiogenic factors and/or
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loss of angiogenic inhibitors. These factors may be produced
directly by the tumor cells themselves or by inflammatory cells
(e.g., macrophages) or other stromal cells associated with the
tumors. Proteases, either elaborated by the tumor cells directly
or from stromal cells in response to the tumor, are also involved
in regulating the balance between angiogenic and anti-angio-
genic factors. Many proteases can release the proangiogenic
basic fibroblast growth factors (bFGF) stored in the ECM;
conversely, three potent angiogenesis inhibitors—angiostatin,
endostatin, and vasculostatin—are produced by proteolytic
cleavage of plasminogen, collagen, and transthyretin, respec-
tively. The angiogenic switch is controlled by several physio-
logic stimuli, such as hypoxia. Relative lack of oxygen stimulates
HIFlo, an oxygen-sensitive transcription factor mentioned
above, which then activates transcription of a variety of pro-
angiogenic cytokines, such as VEGF and bFGF. These factors
create an angiogenic gradient that stimulates the proliferation
of endothelial cells and guides the growth of new vessels
toward the tumor. VEGF also increases the expression of
ligands that activate the Notch signaling pathway, which plays
a crucial role in regulating the branching and density of the
new vessels {Chapter 3). Both pro- and anti-angiogenic factors
are regulated by many other genes frequently mutated in
cancer. For example, in normal cells, p53 can stimulate expres-
sion of anti-angiogenic molecules such as thrombospondin-1,
and repress expression of pro-angiogenic molecules such as
VEGE. Thus, loss of p53 in tumor cells not only removes the
cell cycle checkpoints listed above but also provides a more
permissive environment for angiogenesis. The transcription
of VEGF is also influenced by signals from the RAS-MAP
kinase pathway, and mutations of RAS or MYC up-regulate
the production of VEGE. The mechanisms whereby bEGE,
VEGE, and the Notch pathway work together to coordinate
angjogenesis were discussed in Chapter 3. bFGF and VEGF are
commonly expressed in a wide variety of tumor cells, and
elevated levels can be detected in the serum and urine of a
significant fraction of cancer patients. Indeed, an anti-VEGF
monoclonal antibody, bevacizumab, has recently been
approved for use in the treatment of multiple cancers.'®
Another emerging strategy involves the use of antibodies that
inhibit Notch activation. These antibodies cause new vessels
to be so malformed that they cannot deliver blood to the
tumor effectively.''%

INVASION AND METASTASIS

Invasion and metastasis are biologic hallmarks of malignant
tumors. They are the major cause of cancer-related morbidity
and mortality and hence are the subjects of intense scrutiny.
Studies in mice and humans reveal that although millions of
cells are released into the circulation each day from a primary
tumor, only a few metastases are produced. Indeed, tumor
cells can be frequently detected in the blood and marrow of
patients with breast cancer who have not, and do not ever,
develop gross metastatic disease. Why is the metastatic process
so inefficient? Each step in the process is subject to a multitude
of controls; hence, at any point in the sequence the breakaway
cell may not survive."® For tumor cells to break loose from a
primary mass, enter blood vessels or lymphatics, and produce
a secondary growth at a distant site, they must go through a
series of steps (summarized in Fig. 7-36). For the purpose of
this discussion, the metastatic cascade will be divided into two
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FIGURE 7-36 The metastatic cascade. Sequential steps involved
in the hematogenous spread of a tumor.

phases: (1) invasion of the extracellular matrix (ECM); (2)
vascular dissemination, homing of tumor cells, and coloniza-
tion. Subsequently, the molecular genetics of the metastatic
cascade, as currently understood, will be presented.

Invasion of Extracellular Matrix

The structural organization and function of normal tissues 8
to a great extent determined by interactions between cells and
the ECM.""? As we discussed in Chapter 3, tissues are orga"
nized into compartments separated from each other by two0
types of ECM: basement membrane and interstitial connec
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tissue. Though organized differently, each of these com-
I nents of ECM is made up of collagens, glycoproteins, and
oteoglycans. As shown in Figure 7-36, Fumor cells mu§t
teract with the ECM at several stages in the metastatic
scade. A carcinoma must first breach the underlying base-
ent membrane, then traverse the interstitial connective
issue, and ultimately gain access to the circulation by pene-
ating the vascular basement membrane. This process is
- peated in reverse when tumor cell emboli extravasate at a
istant site. invasion of the ECM initiates the metastatic
cascade and is an active process that can be resolved into several

steps (Fig. 7-37):

© Changes (“loosening up”) of tumor cell-cell
interactions

@ Degradation of ECM

0 Attachment to novel ECM components

0 Migration of tumor cells

Dissociation of cells from one another is often the result of
alterations in intercellular adhesion molecules. Normal cells
are neatly glued to each other and their surroundings by a
variety of adhesion molecules.'"! Cell-cell interactions are
‘mediated by the cadherin family of transmembrane glycopro-
teins. E-cadherins mediate homotypic adhesions in epithelial
tissue, thus serving to keep the epithelial cells together and to
relay signals between the cells; intracellularly the E-cadherins
are connected to B-catenin and the actin cytoskeleton. In
several epithelial tumors, including adenocarcinomas of the
colon and breast, there is a down-regulation of E-cadherin
expression. Presumably, this down-regulation reduces the
ability of cells to adhere to each other and facilitates their
detachment from the primary tumor and their advance into
the surrounding tissues. E-cadherins are linked to the cyto-
skeleton by the catenins, proteins that lie under the plasma
membrane (see Fig. 7-33). The normal function of E-cad-
herin is dependent on its linkage to catenins. In some tumors
E-cadherin is normal, but its expression is reduced because of
mutations in the gene for o, catenin.

The second step in invasion is local degradation of the base-
ment membrane and interstitial connective tissue. Tumor cells
may either secrete proteolytic enzymes themselves or induce
stroma] cells (e.g., fibroblasts and inflammatory cells) to elab-
Orate proteases. Many different families of proteases, such as
Matrix metalloproteinases (MMPs), cathepsin D, and uroki-
Nase plasminogen activator, have been implicated in tumor
cell invasion. MMPs regulate tumor invasion not only by
*emodeling insoluble components of the basement membrane
and interstitia] matrix but also by releasing ECM-sequestered
8towth factors. Indeed, cleavage products of collagen and pro-
®e0glycans also have chemotactic, angiogenic, and growth-
Promoting effects.!® For example, MMP9 is a gelatinase
At cleaves type TV collagen of the epithelial and vascular
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basement membrane and also stimulates release of VEGF
from ECM-sequestered pools. Benign tumors of the breast,
colon, and stomach show little type IV collagenase activity,
whereas their malignant counterparts overexpress this enzyme.
Concurrently, the concentrations of metalloproteinase inhibi-
tors are reduced so that the balance is tilted greatly toward
tissue degradation. Indeed, overexpression of MMPs and other
proteases has been reported for many tumors. However, recent
in vivo imaging experiments have shown that tumor cells can
adopt a second mode of invasion, termed ameboid migra-
tion.""® In this type of migration the cell squeezes through
spaces in the matrix instead of cutting its way through it. This
ameboid migration is much quicker, and tumor cells seem to
be able to use collagen fibers as high-speed railways in their
travels. Tumor cells, in vitro at least, seem to be able to switch
between the two forms of migration, perhaps explaining the
disappointing performance of MMP inhibitors in clinical
trials. '

The third step in invasion involves changes in attachment of
tumor cells to ECM proteins. Normal epithelial cells have recep-
tors, such as integrins, for basement membrane laminin and
collagens that are polarized at their basal surface; these recep-
tors help to maintain the cells in a resting, differentiated state.
Loss of adhesion in normal cells leads to induction of apop-
tosis, while, not surprisingly, tumor cells are resistant to this
form of cell death. Additionally, the matrix itself is modified
in ways that promote invasion and metastasis. For example,
cleavage of the basement membrane proteins collagen IV and
laminin by MMP2 or MMP9 generates novel sites that bind
to receptors on tumor cells and stimulate migration.

Locomotion is the final step of invasion, propelling tumor
cells through the degraded basement membranes and zones
of matrix proteolysis. Migration is a complex, multistep
process that involves many families of receptors and signaling
proteins that eventually impinge on the actin cytoskeleton.
Cells must attach to the matrix at the leading edge, detach
from the matrix at the trailing edge, and contract the actin
cytoskeleton to ratchet forward. Such movement seems to be
potentiated and directed by tumor cell-derived cytokines,
such as autocrine motility factors. In addition, cleavage prod-
ucts of matrix components (e.g., collagen, laminin) and some
growth factors (e.g., IGFs I and II) have chemotactic activity
for tumor cells. Furthermore, proteolytic cleavage liberates
growth factors bound to matrix molecules. Stromal cells also
produce paracrine effectors of cell motility, such as hepatocyte
growth factor—scatter factor, which bind to receptors on tumor
cells. Concentrations of hepatocyte growth factor—scatter
factor are elevated at the advancing edges of the highly inva-
sive brain tumor glioblastoma multiforme, supporting their
role in motility.

It has become clear in recent years that the ECM and stromal
cells surrounding tumor cells do not merely represent a static
barrier for tumor cells to traverse but instead represent a
varied environment in which reciprocal signaling between
tumor cells and stromal cells may either promote or prevent
tumorigenesis and/or tumor progression.* Stromal cells that
interact with tumors include innate and adaptive immune
cells (discussed later), as well as fibroblasts. A variety of studies
have demonstrated that tumor-associated fibroblasts exhibit
altered expression of genes that encode ECM molecules, pro-
teases, protease inhibitors, and various growth factors. Thus,

tumor cells live in a complex and ever-changing milieu cop,
posed of ECM, growth factors, fibroblasts, and immune cells,
with significant cross-talk among all the components. The
most successful tumors may be those that can co-opt apg
adapt this environment to their own nefarious ends.

Vascular Dissemination and Homing of
Tumor Cells

Once in the circulation, tumor cells are vulnerable to destruc.
tion by a variety of mechanisms, including mechanical shegy
stress, apoptosis stimulated by loss of adhesion, (which hag
been termed anoikis), and innate and adaptive immupe
defenses. The details of tumor immunity are considered later,

Within the circulation, tumor cells tend to aggregate in
clumps. This is favored by homotypic adhesions among tumer
cells as well as heterotypic adhesion between tumor cells and
blood cells, particularly platelets (see Fig. 7-36). Formation of
platelet-tumor aggregates may enhance tumor cell surviva
and implantability. Tumor cells may also bind and activate
coagulation factors, resulting in the formation of emboli,
Arrest and extravasation of tumor emboli at distant sites
involves adhesion to the endothelium, followed by egress
through the basement membrane. Involved in these processes
are adhesion molecules (integrins, laminin receptors) and
proteolytic enzymes, discussed earlier. Of particular interest is
the CD44 adhesion molecule, which is expressed on normal
T lymphocytes and is used by these cells to migrate to selective
sites in the lymphoid tissue. Such migration is accomplished
by the binding of CD44 to hyaluronate on high endothelial
venules, and overexpression of CD44 may favor metastatic
spread. At the new site, tumor cells must proliferate, develop
a vascular supply, and evade the host defenses.'”

The site at which circulating tumor cells Jeave the capillaries
to form secondary deposits is related, in part, to the anatomic
location of the primary tumor, with most metastases occur-
ring in the first capillary bed available to the tumor. Many
observations, however, suggest that natural pathways of drain-
age do not wholly explain the distribution of metastases. For
example, prostatic carcinoma preferentially spreads to bone,
bronchogenic carcinomas tend to involve the adrenals and the
brain, and neuroblastomas spread to the liver and bones. Such
organ tropism may be related to the following mechanisms:

O Because the first step in extravasation is adhesion to the
endothelium, tumor cells may have adhesion molecules
whose ligands are expressed preferentially on the endo-
thelial cells of the target organ. Indeed, it has been shown
that the endothelial cells of the vascular beds of various
tissues differ in their expression of ligands for adhesion
molecules.

© Chemokines have an important role in determining the
target tissues for metastasis. For instance, some breast
cancer cells express the chemokine receptors CXCR4 and
CCR7.'" The chemokines that bind to these receptors
are highly expressed in tissues to which breast cancers
commonly metastasize. Blockage of the interaction
between CXCR4 and its receptor decreases breast cancef
metastasis to lymph nodes and lungs. Some target organs
may liberate chemoattractants that recruit tumor cells 0
the site. Examples include IGFs I and II.




@ In some cases, the farget tissue may be a nonpermissive
environment—unfavorable soil, so to speak, for the
growth of tumor seedlings. For example, though well
vascularized, skeletal muscles are rarely the site of

metastases.

Despite their “cleve'rness”' in escaping 'their si.tes of origin,
rumor cells are quite inefficient in colonizing distant organs.
Millions of tumors cells are shed daily from even small tumors.
These cells can be detected in Fhe blgodstream and in small
foci in the bone marrow, even in patients that never develop

ross metastatic lesions. Indeed, the concept of dormancy,
referring to the prolonged_ survival of micrometastases without

rogression, 1s well described in melanoma and in breast and
prostate cancer. Although the molecular mechanisms of colo-
nization are just beginning to be unraveled in mouse models,
a constant pattern seems to be that tumor cells secrete cyto-
kines, growth factors, and ECM molecules that act on the
resident stromal cells, which in turn make the metastatic site
habitable for the cancer cell.'” For example, breast cancer
metastases to bone are osteolytic because of the activation of
osteoclasts in the metastatic site. Breast cancer cells secrete
parathyroid hormone-related protein (PTHRP), which stim-
ulates osteoblasts to make RANK ligand (RANKL). RANKL
then activates osteoclasts, which degrade the bone matrix and
release growth factors embedded within it, like IGF and TGF-
B. With a better molecular understanding of the mechanisms
of metastasis our ability to target them therapeutically will be
greatly enhanced.

Molecular Genetics of Metastasis Development

Why do only some tumors metastasize? What are the genetic
changes that allow metastases? Why is the metastatic process
so inefficient? Several competing theories have been proposed
to explain how the metastatic phenotype arises. The clonal
evolution model suggest that, as mutations accumulate in
genetically unstable cancer cells and the tumor become het-
erogeneous (Fig. 7-38A), a subset of tumor cell subclones
develop the right combination of gene products to complete
all the steps involved in metastasis. Thus, metastatic subclones
result from clonal evolution, and it is only the rare cell that
acquires all the necessary genetic alterations and can complete
all the steps. However, recent experiments, in which gene
expression profiles of primary tumors and metastatic deposits
have been compared, challenge this hypothesis. For example,
F Sl.lbset of breast cancers has a gene expression signature
Similar to that found in metastases, although no clinical evi-
dence for metastasis is apparent. In these tumors it seems that
Most if not all cells develop a predilection for metastatic
SPread during early stages of carcinogenesis. Metastases,
dccording to this view, are not dependent on the stochastic
BENeration of metastatic subclones postulated above. The
alhelmative hypothesis suggested by these data is that metasta-
*515 the result of multiple abnormalities that occur in many,
Perhaps most, cells of a primary tumor, and perhaps early in
¢ deVelopment of the tumor (Fig. 7-38B and C). Such
al?nOrr’nalities give most cells within the tumor a general pre-
lsP(glslltion for metastasis, often called the “metastasis signa-
EIJI:I 6 This signature may involve not only properties
1IS1C to the cancer cells but also the characteristics of their
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FIGURE 7

/-38 Mechanisms of metastasis development within a
primary tumor. A nonmetastatic primary tumor is shown {light
blue) on the left side of all diagrams. Four models are presented:
A, Metastasis is caused by rare variant clones that develop in the
primary tumor; B, Metastasis is caused by the gene expression
pattern of most cells of the primary tumor, referred to as a meta-
static signature; C, A combination of A and B, in which metastatic
variants appear in a tumor with a metastatic gene signature;
D, Metastasis development is greatly influenced by the tumor
stroma, which may regulate angiogenesis, local invasiveness,
and resistance to immune elimination, allowing cells of the
primary tumor, as in C, to become metastatic.

microenvironment, such as the components of the stroma, the
presence of infiltrating immune cells, and angiogenesis (Fig.
7-38D). It should be noted, however, that gene expression
analyses like those described above would not detect a small
subset of metastatic subclones within a large tumor. Perhaps
both mechanisms are operative, with aggressive tumors acquir-
ing a metastases-permissive gene expression pattern early in
tumorigenesis that requires some additional random muta-
tions to complete the metastatic phenotype. A third hypothesis
suggests that background genetic variation, and the resulting
variation in gene expression, in the human population con-
tributes to the generation of metastases. In mouse models,
cancers induced with the same oncogenic mutations can have
very different metastatic outcomes depending on the strain
(i.e., background genetics) of the mouse used. Even very
strong oncogenes can be significantly affected by background
genetics. The fourth hypothesis is a corollary of the tumor
stem cell hypothesis, which suggests that if tumors derive from
rare tumor stem cells, metastases require the spread of the
tumor stem cells themselves.
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One open question in the field is, are there genes whose
principal or sole contribution to tumorigenesis is to control
metastasis? This question is of more than academic interest,
because if altered forms of certain genes promote or suppress
the metastatic phenotype, their detection in a primary tumor
would have both prognostic and therapeutic implications.
Since metastasis is a complex phenomenon involving a variety
of steps and pathways described above, it is thought that,
unlike transformation, in which a subset of proteins like p53
and RB seem to play a key role, genes that function as “metas-
tasis oncogenes” or “metastatic suppressors” are rare. A metas-
tasis suppressor gene is defined as a gene whose loss promotes
the development of metastasis without an effect on the primary
tumor. Accordingly, expression of a metastasis oncogene favors
the development of metastasis without effect upon the primary
tumor. At least a dozen genes lost in metastatic lesions have
been confirmed to function as “metastasis suppressors”'”'"®
Their molecular functions are varied and not yet completely
clear; however, most appear to affect various signaling path-
ways. Interestingly, recentwork has suggested that two miRNAs,
mir335 and mir126, suppress the metastasis of breast cancer,
while a second set (mir10b) promotes metastasis.''>'*

Among candidates for metastasis oncogenes are SNAIL and
TWIST, which encode transcription factors whose prim-
ary function is to promote a process called epithelial-to-
mesenchymal transition (EMT).® In EMT, carcinoma cells
down-regulate certain epithelial markers (e.g., E-cadherin)
and up-regulate certain mesenchymal markers (e.g., vimentin
and smooth muscle actin). These changes are believed to
favor the development of a promigratory phenotype that is
essential for metastasis. Loss of E-cadherin expression
seems to be a key event in EMT, and SNAIL and TWIST are
transcriptional repressors that down-regulate E-cadherin
expression.'”’ EMT has been documented mainly in breast
cancers; whether this is a general phenomenon remains to be
established.

GENOMIC INSTABILITY—ENABLER
OF MALIGNANCY

Although humans literally swim in environmental agents that
are mutagenic (e.g., chemicals, radiation, sunlight), cancers are
relatively rare outcomes of these encounters. This state of
affairs results from the ability of normal cells to repair DNA
damage, the death of cells with unrepairable damage'” (see
“Evasion of Apoptosis” above), and other mechanisms, such as
oncogene-induced senescence and immune surveillance (dis-
cussed later). The importance of DNA repair in maintaining
the integrity of the genome is highlighted by several inherited
disorders in which genes that encode proteins involved in DNA
repair are defective. Individuals born with such inherited defects
in DNA-repair proteins are at a greatly increased risk of develop-
ing cancer. Moreover, defects in repair mechanisms are present
in sporadic human cancers. DNA-repair genes themselves are
not oncogenic, but their abnormalities allow mutations in other
genes during the process of normal cell division. Typically,
genomic instability occurs when both copies of the DNA repair
gene are lost; however, recent work has suggested that at least
a subset of these genes may promote cancer in a haploinsuffi-
cient manner. Defects in three types of DNA-repair systems—
mismatch repair, nucleotide excision repair, and recombin-
ation repair—contribute to different types of cancers.

Hereditary Nonpolyposis Colon Cancer Syndroms
HNPCC syndrome, characterized by familial carcinomas of the
colon affecting predominantly the cecum and proximal colgp
(Chapter 17), results from defects in genes involved in DNj
mismatch repair.'” When a strand of DNA is being replicateq,
these genes act as “spell checkers.” For example, if there is gy
erroneous pairing of G with T rather than the normal A wig
T, the mismatch-repair genes correct the defect. Without thege
“proofreaders,” errors gradually accumulate randomly in the
genome, and some of these errors may involve proto-oncg.
genes and tumor suppressor genes. One of the hallmarks of
patients with mismatch-repair defects is microsatellite instabil-
ity.?' Microsatellites are tandem repeats of one to six nucleg-
tides found throughout the genome. In normal people the
length of these microsatellites remains constant. However, in
people with HNPCC, these satellites are unstable and increase
or decrease in length in tumor cells, creating alleles not found
in normal cells of the same patient. Of the various DNA mis-
match-repair genes, at least four are involved in the pathogen-
esis of HNPCC, but germline mutations in the MSH2 (2pl6)
and MLHI1 (3p21) genes each account for approximately 30%:
of cases. The remaining cases have mutations in other mis-
match repair genes. Each affected individual inherits one defec-
tive copy of a DNA mismatch-repair gene and acquires the
second hit in colonic epithelial cells. Thus, DNA-repair genes
behave like tumor suppressor genes in their mode of inheri-
tance, but in contrast to tumor suppressor genes (and onco-
genes), they affect cell growth only indirectly—Dby allowing
mutations in other genes during the process of normal cell
division. Although HNPCC accounts only for 2% to 4% of all
colonic cancers, microsatellite instability can be detected in
about 15% of sporadic colon cancers. The growth-regulating
genes that are mutated in HNPCC tumors have not yet been
fully characterized but include the genes encoding TGF-
receptor 1I, the TCF component of the B-catenin pathway,
BAX, and other oncogenes and tumor suppressor genes.'

Xeroderma Pigmentosum. Individuals with another
inherited disorder of defective DNA repair, xeroderma pig-
mentosum, are at increased risk for the development of
cancers of the skin particularly following exposure to the UV
light contained in sun rays.'” UV radiation causes cross
linking of pyrimidine residues, preventing normal DNA rep-
lication. Such DNA damage is repaired by the nucleotide
excision repair system. Several proteins are involved in nucleos
tide excision repair, and an inherited loss of any one can give
rise to xeroderma pigmentosum.

Diseases with Defects in DNA Repair by Homologous
Recombination. A group of autosomal recessive disorders
comprising Bloom syndrome, ataxia-telangiectasia, and
Fanconi anemia is characterized by hypersensitivity to othef
DNA-damaging agents, such as ionizing radiation (Bloom syf*
drome and ataxia-telangiectasia), or DNA cross-linking agents
such as many chemotherapeutic agents (Fanconi anemia). "
Their phenotype is complex and includes, in addition to pré
disposition to cancer, features such as neural symptoms
(ataxia-telangiectasia),bone marrow aplasia (Fanconi anemia)y
and developmental defects (Bloom syndrome). As mentioné
earlier, the gene mutated in ataxia-telangiectasia, ATM, B
important in recognizing and responding to DNA damage
caused by ionizing radiation. Persons with Bloom syndrofi€
have a predisposition to a very broad spectrum of tumors. The
defective gene is located on chromosome 15 and encodes @




that participates in DNA repair by homologous recom-
There are 13 genes that make up the Fanconi anemia
mutation of any one of these genes can result in the
e.126128 Tnterestingly, BRCA2, which is mutated in
phenotyPe- . Tial . X
ne individuals w1t}_1 familia b.reast cancer, is also mutated in
£ bset of persons with Fanconi anemia. Evidence for the role
e :l]])NA_repair genes in the origin of cancer also comes from
?he study of hereditary breast cancer. Mutations in two genes,
BRCAI (chromosome 17q21) and BRCAZ_ (chromosome
13q12-13), account for 25% of cases of familial breast cancer.
[n addition to breast cancer, women with BRCA1 mutations
have a substantially higher risk of epithelial ovarian cancers,
and men have a slightly higher risk of prostate cancer. Likewise,
mutations in the BRCA2 gene increase the risk of breast cancer
in both men and women as well as cancer of the ovary, prostate,
ancreas, bile ducts, stomach, and melanocytes. Although the
functions of these genes have not been elucidated fully, cells
that lack these genes develop chromosomal breaks and severe
aneuploidy. Indeed, both BRCAI and BRCA2 have been shown
to associate with a variety of proteins involved in the homolo-
gous recombination repair pathway. The Fanconi anemia pro-
teins and the BRCA proteins form a DNA-damage response
network whose purpose is to resolve and repair intrastrand
and interstrand DNA cross-links induced by chemical cross-
linking agents. Failure to resolve these cross-links before sepa-
ration of the two strands would lead to chromosome breakage
and exposed chromosome ends. Generation of such ends
would, as with short telomeres (see above), lead to the activa-
tion of the salvage nonhomologous end joining pathway, for-
mation of dicentric chromosomes, bridge-fusion-breakage
cycles, and massive aneuploidy. Similar to other tumor sup-
pressor genes, both copies of BRCAI and BRCA2 must be
mactivated for cancer to develop. Although linkage of BRCA!
and BRCA? to familial breast cancers is established, these genes
are rarely inactivated in sporadic cases of breast cancer. In this
tegard, BRCAI and BRCA2 are different from other tumor
suppressor genes, such as APC and p53, which are inactivated
in both familial and sporadic cancers.
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VIICROENVIRONMENT AND
ENESIS

Although we have mostly focused on the neoplastic parenchy-
n_ﬁal cells in our discussion, tumors are not composed of a
single cell type. Indeed, tumors are comprised of a complex
mixture of cells of numerous lineages, including the tumor
cells themselves, innate and adaptive immune cells, fibroblasts,
endothelial cells, and others. Additionally, numerous examples
of cross-talk between the ECM and tumor cells have been
described. For example, cleavage of matrix components such
# type IV collagen releases angiogenic factors (VEGF), and
€Nzymatic degradation of laminin-5 by MMP2 reveals a
SIYPUC proteolytic fragment that favors cancer cell motility.!'?

€ ECM also stores growth factors in inactive forms, which
;re released by active matrix proteases. Such factors include
tu?nGF) TGF'-B, and bFGF, which in turn affect the growth of
CO_OOY cellsin a paracrine manner. Successful tumor cells must
theirpt these and pther. interactions and use Fhem to promote
cell agrowth and invasion. Morct interesting is wheth_er tumor
sUTVinT dependent upon these interactions for proliferation,
cells t}? »Or metastases. If so, thes_e 1nteract1ons_, and the stromal

émselves, become potential therapeutic targets.

]
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Both the inflammatory cells and fibroblasts within the
tumor have been shown to have a complex relationship to the
cancer cells and to each other. The role of chronic inflamma-
tion in the development of cancer has already been described
(see above). Various mechanisms, such as the expression of
pro-survival and pro-proliferation cytokines by immune cells,
not only promote the development of cancer, but also promote
survival and progression of tumor cells. Additionally, it has
been suggested that macrophages infiltrating the tumor can
be induced by the tumor cells to secrete factors that promote
metastasis.'” In a mouse model of breast cancer, genetic dele-
tion of macrophages prevented metastases. Furthermore, in
vivo imaging of tumors in animal models has shown that
macrophages surrounding blood vessels secrete EGF, resulting
in chemotactic migration of tumor cells toward the vascula-
ture.'” Fibroblasts play an important role in tumors as well.
Fibroblasts secrete the matrix that results in the desmoplastic
response to tumors. Interestingly, in vitro experiments that
altered the stiffness of the matrix alone could change the
aggressiveness of a cancer cell line. Thus, the desmoplastic
response to cancer may be stimulated by the cancer cells and
may promote their growth. On the other hand, in a prostate
cancer model, injection of immortalized, but nontumorigenic
cells, together with fibroblasts derived from a tumor (cancer-
associated fibroblasts) led to the development of poorly dif-
ferentiated tumors in athymic mice."® These carcinomas had
multiple genetic abnormalities that were not present in the
parent cell line, suggesting that the stroma can drive genetic
changes that promote carcinogenesis. Indeed, some of the pre-
dictions of tumor behavior based on gene expression profiling
are turning out to be based on genes highly expressed in
stromal cells, rather than tumor cells. How such changes come
about remains mysterious, as does their relevance to carcino-
genesis in vivo. However, the results are sufficiently intriguing
to merit attention, since they suggest a novel form of cancer
therapy that could be targeted to stromal cells. The role of
stromal cells in tumor growth and progression is highlighted
by recent studies in which gene expression profiles of stroma
cells predicted clinical outcome in human breast cancer."’

METABOLIC ALTERATIONS:
THE WARBURG EFFECT

Even in the presence of ample oxygen, cancer cells shift their
glucose metabolism away from the oxygen hungry, but effi-
cient, mitochondria to glycolysis.”*"** This phenomenon,
called the Warburg effect and also known as aerobic glycolysis,
has been recognized for many years (indeed, Otto Warburg
received the Nobel Prize for discovery of the effect that bears
his name in 1931), but was largely neglected until recently.
This metabolic alteration is so common to tumors that
some would call it the eighth hallmark of cancer. Indeed,
clinically, the “glucose-hunger” of tumors is used to visualize
tumors via positron emission tomography (PET) scanning, in
which patients are injected with 18F-fluorodeoxyglucose, a
non-metabolizable derivative of glucose that is preferentially
taken up into tumor cells (as well as normal, actively dividing
tissues such as the bone marrow). Most tumors are PET-
positive, and rapidly growing ones are markedly so. However,
the causal relationship between aerobic glycolysis and tumor
progression is not entirely clear, nor is the initial insult that
drives these metabolic changes.
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Indeed, as is well known, glycolysis generates 2 ATP mole-
cules per molecule of glucose, while oxidative phosphoryla-
tion in the mitochondria generates more than 20. How does
a switch to the less efficient glycolysis lead to a growth advan-
tage for a tumor? Several mutually non-exclusive hypotheses
have been offered. One attractive hypothesis to explain the
Warburg effect is that altered metabolism confers a growth
advantage in the hypoxic tumor microenvironment.'**'*
Although angiogenesis generates increased vasculature, the
vessels are poorly formed, and tumors are still relatively
hypoxic compared to normal tissues. Indeed, the activation of
HIF1a by hypoxia not only stimulates angiogenesis, but also
increases the expression of numerous metabolic enzymes in
the glycolytic pathway as well as downregulates genes involved
in oxidative phosphorylation. So the simplest explanation is
basic economics: supply and demand. Decreased demand by
individual tumor cells increases the oxygen supply, thus
increasing the number of tumor cells that can be supported
by the vasculature and increasing the size of the tumor.

However, the Warburg effect refers to aerobic glycolysis;
glycolysis that occurs in the face of adequate oxygen for oxida-
tive phosphorylation. Thus, the changes that promote the
switch in metabolism during hypoxia must become fixed in
the tumor cell. It may be that continuous rounds of hypoxia
followed by normoxia, as is frequently seen in tumors, select
for tumor cells that constitutively upregulate glycolysis. Addi-
tionally, or perhaps alternatively, mutations in oncogenes and
tumor suppressors that favor growth, such as RAS, p53 and
PTEN, also stimulate metabolic changes in the cell. Which
brings us to the second part of the supply and demand equa-
tion that may help explain why tumor cells opt for a less effi-
cient energy production pipeline.

In addition to doubling its DNA content prior to division,
an actively dividing cell (whether normal or transformed)
must also double all of its other components, including mem-
branes, proteins, and organelles. This task requires increased
uptake of nutrients, particularly glucose (which produces the
energy needed for biosynthesis of these components) and
amino acids (which provide the building blocks used for
protein synthesis) as well as increased synthesis of the neces-
sary building blocks. Halting the breakdown of glucose at
pyruvate allows these carbons to be shunted to anabolic path-
ways, such as lipid and nucleotide production; additionally,
tumor cells are able to shunt glutamine into both the glycolytic
as well as anabolic pathways.**** Thus, the metabolic changes
that tumor cells undergo increase their ability to synthesize the
building blocks they need for cell division. Indeed, alterations
in signaling pathways involved in cancer also stimulate the
uptake of glucose and other nutrients, favor glycolysis over
oxidative phosphorylation, and increase anabolic pathways in
the cell. Normally, growth factors stimulate glucose and amino
acid uptake through the PI3K/AKT/mTOR pathway, which is
downstream of receptor tyrosine kinases and other growth
factor receptors; in tumors, these signals are cell autonomous.
Thus, mutation of tumor suppressors and oncogenes not only
leads to constitutive activation of pathways that favor survival
and proliferation, but they also make glycolysis and anabolic
biosynthesis a permanent fixture of the tumor cell."*'%

Now that the Warburg effect has been “rediscovered,” other
fascinating connections between metabolism and neoplasia
are emerging that involve both tumor suppressors and onco-

proteins. One example of the former involves LKBI, a tumgg
suppressor gene encoding a threonine kinase that is mutateq
in Peutz-Jegher syndrome (Chapter 17), which is associateq
with benign and malignant epithelial proliferations of the gas.
trointestinal tract. At least one aspect of LKBI’s tumor sup.
pressive activity is mediated through its ability to activage
AMP-dependent protein kinase (AMPK), a conserved sensqy
of cellular energy status that is an important negative regula.
tor of mTOR. Thus LKB1 suppresses tumor formation, at leagt
in part, by putting the brakes on anabolic metabolism. Qf
note, two other tumor suppressors that are mutated in tuber.
ous sclerosis, TSC1 and TSC2 (Chapter 28), also negatively
regulate mTOR. On the other side of the ledger, it has beep
claimed that the transforming effects of many oncoproteing,
including mutated receptor tyrosine kinases and the notorious
oncogenic transcription factor ¢-MYC, are mediated in part
through induction of the “Warburg effect” These kinds of
insights have spurred many recent attempts to target signaling
pathways that drive anabolic metabolism in cancer cells, such
as the PI3K/AKT/mTOR pathway.

As we have discussed earlier, cells have many regulatory bar-
riers to prevent inappropriate growth. One adaptive response
of normal cells to oxygen and glucose deprivation is autophagy,
a state in which cells arrest their growth and cannibalize theis
own organelles, proteins, and membranes as carbon sources
for energy production (Chapter 1). If this adaptation fails, the
cells die. Tumor cells often seem to be able to grow under
marginal environmental conditions without triggering auto-
phagy, suggesting that the pathways that induce autophagy are
deranged. In keeping with this, several genes that promote
autophagy are tumor suppressors, most notable PTEN (a neg-
ative regulator of the PI3K/AKT pathway), which is mutated or
epigenetically silenced in a wide variety of human cancers.
Whether autophagy is always bad from the vantage point of the
tumor, however, is a matter of active investigation and debate.
For example, under conditions of severe nutrient deprivation
tumor cells may use autophagy to become “dormant,” a state of
metabolic hibernation that allows cells to survive hard times
for long periods. Such cells are believed to be resistant to thera-
pies that kill actively dividing cells, and could therefore be
responsible for therapeutic failures. Thus, autophagy may bea
tumor’s friend or foe depending on how the signaling path-
ways that regulate it are “wired” in a given tumor.

DYSREGULATION OF CANCER-
ASSOCIATED GENES

The genetic damage that activates oncogenes or inactivates
tumor suppressor genes may be subtle (e.g., point mutations)
or may involve segments of chromosomes large enough to b¢
detected in a routine karyotype. Activation of oncogenes and
loss of function of tumor suppressor genes by mutations were
discussed earlier in this chapter. Here we discuss chromoson
abnormalities. We end this section by discussing the epigeneti¢
changes that contribute to carcinogenesis.

Chromosomal Changes

In certain neoplasms, karyotypic abnormalities are nonraf
dom and common. Specific chromosomal abnormalities havé
been identified in most leukemias and lymphomas, many $a




Affected Genes*

Translocation

Malignancy

Chronic myeloid {9;22)(q34;q11) 9g34
Jeukemia BCR 2211
Acute leukemias (8;21){q22;922) AML 8g22
(AML and ALL) ETO |21g22
(15;17){(g22;921) |PML |[15qg22
RARA|17g21
Burkitt lymghoma (8;14)(q24;q32) c-MYC 8g24
14932
Mantle cell (11;14)(g13;932) CCND7 11913
lymphoma 14q32
Follicular lymphoma  (14;18)(q32;q21)  [IGH |14¢32
BCL2 18021
T-cell ALL (10;14)(g24;911) HOX 17 1024
14g11
Ewing sarcoma (11;22)(q24;912)  FLI7 11q24

EWSR1]22q12

Prostatic (21;21)(q22;922) TMPRSS2 (21q22.3)
adenocarcinoma (7:21)(p22;922) ERG (21922.2)
(17:21)(p21;922) ETV7{7p21.2)
ETV4(17921)

— -
*Genes in boldface are involved in multiple translocations.
AML, acute myeloid leukemia; ALL, acute lymphoblastic leukemia.

comas, and an increasing number of carcinomas. In addition,
whole chromosomes may be gained or lost. Although changes
in chromosome number (aneuploidy) and structure are gen-
erally considered to be late phenomena in cancer progression,
ithas been suggested that aneuploidy and chromosomal insta-
bility may be the initiating events in tumor growth.

The study of chromosomal changes in tumor cells is impor-
tant on two accounts. First, molecular cloning of genes in the
vicinity of chromosomal breakpoints or deletions has been
extremely useful in identification of oncogenes (e.g., BCL2,
ABL) and tumor suppressor genes (e.g., APC, RB). Second,
certain karyotypic abnormalities are specific enough to be of
diagnostic value, and in some cases they are predictive of clini-
cal course. The translocations associated with the ABL onco-
gene in CML and with c-MYC in Burkitt lymphoma have been
mentioned earlier, in the context of molecular defects in
cancer cells (see Fig. 7-27). Several other karyotype alterations
' cancer cells are presented in the discussion of specific
fumors in later chapters.

Two types of chromosomal rearrangements can activate
Proto-oncogenes—translocations and inversions. Chromo-
somal translocations-are much more common (Table 7-9)
and are discussed here. Translocations can activate proto-
ONcogenes in two ways:

9 In lymphoid tumors specific translocations result in over-
EXpression of proto-oncogenes by swapping their regula-
tory elements with those of another gene.

0 many hematopoietic tumors, sarcomas, and certain car-
“nomas, the translocations allow normally unrelated
Sequences from two different chromosomes to recombine
and fory hybrid fusion genes that encode chimeric pro-
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teins that variously promote growth and survival, or
enhance self-renewal and block differentiation.

Overexpression of a proto-oncogene caused by transloca-
tion is best exemplified by Burkitt lymphoma. All such tumors
carry one of three translocations, each involving chromosome
8924, where the MYC gene has been mapped, as well as one
of the three immunoglobulin gene—carrying chromosomes. At
its normal locus, MYC is tightly controlled, and is most highly
expressed in actively dividing cells. In Burkitt lymphoma the
most common form of translocation results in the movement
of the MYC-containing segment of chromosome 8 to chromo-
some 14932 (see Fig. 7-27), placing it close to the IGH gene.
The genetic notation for the translocation is t(8:14)(q24;q32).
The molecular mechanisms of the translocation-associated
activation of MYC are variable, as are the precise breakpoints
within the gene. In most cases the translocation causes muta-
tion or loss of the regulatory sequences of the MYC gene,
replacing them with the control regions of the IGH locus,
which is highly expressed in B-cell precursors. As the coding
sequences remain intact, the gene is constitutively expressed
at high levels. The invariable presence of the translocated MYC
gene in Burkitt lymphomas attests to the importance of MYC
overactivity in the pathogenesis of this tumor.

There are other examples of oncogenes translocated to
antigen receptor loci in lymphoid tumors. As mentioned
earlier, in mantle cell lymphoma the cyclin D1 gene (CCND1)
on chromosome 11q13 is overexpressed by juxtaposition to
the IGH locus on 14q32. In follicular lymphomas, a
t(14;18)(q32;q21) translocation, the most common transloca-
tion in lymphoid malignancies, causes activation of the BCL2
gene. Not unexpectedly, all these tumors in which the immu-
noglobulin gene is involved are of B-cell origin. In an analo-
gous situation, overexpression of several proto-oncogenes in
T-cell tumors results from translocations of oncogenes into
the T-cell antigen receptor locus. The affected oncogenes are
diverse, but in most cases, as with MYC, they encode nuclear
transcription factors.

The Philadelphia chromosome, characteristic of CML and
a subset of acute lymphoblastic leukemias, provides the pro-
totypic example of an oncogene formed by fusion of two sepa-
rate genes. In these cases, a reciprocal translocation between
chromosomes 9 and 22 relocates a truncated portion of the
proto-oncogene c-ABL (from chromosome 9) to the BCR
(breakpoint cluster region) on chromosome 22 (see Fig. 7-27).
The hybrid fusion gene BCR-ABL encodes a chimeric protein
that has constitutive tyrosine kinase activity. As mentioned,
BCR-ABL tyrosine kinase has served as a target for leukemia
therapy, with remarkable success so far. Although the translo-
cations are cytogenetically identical in CML and acute
lymphoblastic leukemias, they usually differ at the molecular
level. In most cases of CML the chimeric protein has a molec-
ular weight of 210 kD, whereas in the more aggressive acute
leukemias a 190-kD BCR-ABL fusion protein is typically
formed.***

Transcription factors are often the partners in gene fusions
occurring in cancer cells. For instance, the MLL (myeloid,
lymphoid leukemia) gene on 11923, which itself is a compo-
nent of a chromatin-remodeling complex, is known to be
involved in 50 different translocations with several different
partner genes, some of which encode transcription factors (see
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Table 7-9). Ewing sarcoma/primitive neuroectodermal tumor
(PNET) is defined by translocation of the Ewing sarcoma
(EWSR1) gene at 22q12, which is involved in numerous trans-
locations, and all of its partner genes analyzed so far also
encode a transcription factor. In Ewing sarcoma/PNET, for
example, the EWSRI gene fuses with the FLII gene, also a
member of the ETS transcription factor family; the resultant
chimeric EWS-FLI1 protein has transforming ability. One
might ask, why are particular translocations so strongly asso-
ciated with specific tumors? This is incompletely understood,
but one recurrent theme is that at least one of the affected
genes often encodes a transcription factor that is required for
the development and differentiation of normal cells of the
same lineage as the tumor. For example, in acute leukemias
many genes involved by recurrent translocations (such as
MLL) play essential roles in regulating the self-renewal of
hematopoietic stem cells and the normal differentiation of
lymphoid and myeloid cells. The fusion proteins resulting
from translocations most often inhibit, but occasionally
increase, transcriptional function. Until recently, most known
translocations were discovered in leukemias/lymphomas and
sarcomas; few common translocations had been identified in
carcinomas, even though carcinomas are more common. The
complex karyotypes of most carcinomas have made identify-
ing translocations difficult. Recently, however, a translocation
involving an androgen-regulated gene, TMPRSS2 (21q22),
and one of three ETS family transcription factors (ERG
[21q22], ETV1 [7p22.2], or ETV4 [17q21]) was found to be
present in 50% or more prostate adenocarcinomas.””'*
Development of this translocation seems to occur early in
carcinogenesis, in that it is also present in high-grade prostatic
intraepithelial neoplasia, a precursor lesion. Although the
mechanism by which this translocation causes cancer is not
completely understood, it removes the ETS family gene from
its normal control region and fuses it to the androgen-regu-
lated TMPRSS2. Thus, the ETS family transcription factor is
inappropriately expressed in prostate cells, and as noted above
with Ewing sarcoma, when ETS proteins are inappropriately
expressed they have transforming ability. There is significant
interest in identifying additional fusion genes in other carci-
nomas. Many fusion genes are thought to be initiators in car-
cinogenesis, and it is postulated that many cancers may be
“addicted” to their properties, similar to the oncogene addic-
tion seen in CML with the BCR-ABL fusion. Thus, inhibition
of these genes may provide an avenue for targeted therapy.

Deletions. Chromosomal deletions are the second most
prevalent structural abnormality in tumor cells. Compared
with translocations, deletions are more common in nonhemato-
poietic solid tumors. Deletion of specific regions of chromo-
somes is associated with the loss of particular tumor suppressor
genes. As discussed, deletions involving chromosome 13q14,
the site of the RB gene, are associated with retinoblastoma.
Deletions of 17p, 5, and 18q have all been noted in colorectal
cancers; these regions harbor three tumor suppressor genes.
Deletion of 3p, noted in several tumors, is extremely common
in small-cell lung carcinomas, and the hunt is on for one or
more cancer suppressor genes at this locale.

Gene Amplification

Activation of proto-oncogenes associated with overexpression
of their products may result from reduplication and amplifica-

tion of their DNA sequences.'”’ Suchamplification may prodygy
several hundred copies of the proto-oncogene in the tumg;
cell. The amplified genes can be readily detected by molecuylg
hybridization with appropriate DNA probes. In some cases the
amplified genes produce chromosomal changes that can e
identified microscopically. Two mutually exclusive patterns age
seen: multiple small, centric structures called double minygs
and homogeneous staining regions. The latter derive from the
insertion of the amplified genes into new chromosomal log,.
tions, which may be distant from the normal location of the
involved genes; because regions containing amplified genes
lack a normal banding pattern, they appear homogeneous ing
G-banded karyotype (see Fig. 7-28). The most interesting cases
of amplification involve N-MYC in neuroblastoma arid ERBE)
in breast cancers. N-MYC is amplified in 25% to 30% of ney-
roblastomas, and the amplification is associated with pogr
prognosis. In neuroblastomas with N-MYC amplification, the
gene is present both in double minutes and homogeneous
staining regions. ERBB2 amplification occurs in about 20% of
breast cancers, and antibody therapy directed against this
receptor has proven effective in this subset of tumors. Amplifi-
cation of C-MYC, L-MYC, or N-MYC correlates with disease
progression in small-cell cancer of the lung.

Epigenetic Changes

Epigenetics refers to reversible, heritable changes in gene
expression that occur without mutation. Such changes involve
post-translational modifications of histones and DNA meth-
ylation, both of which affect gene expression. In normal, dif-
ferentiated cells, the majority of the genome is not expressed.
Some portions of the genome are silenced by DNA methyla-
tion and histone modifications that lead to the compaction of
DNA into heterochromatin. On the other hand, cancer cells are
characterized by a global DNA hypomethylation and selective
promoter-localized hypermethylation.'*’ Indeed, it has become
evident during the past few years that tumor suppressor genes
are sometimes silenced by hypermethylation of promoter
sequences rather than mutation. One example is CDKIN2A, 2
complex locus that encodes two tumor suppressors, pl14/ARE
and p16/INK4a from two different reading frames; p14/ARFis
epigenetically silenced in colon and gastric cancers, while p16/
INK4a is silenced in a wide variety of cancers. Since this locus
produces two tumor suppressors which affect the p53 and Rb
pathways, silencing this locus has the pleasing effect (from the
cancer’s point of view) of removing two checkpoints witha
single alteration. Other tumor suppressor genes subject (0
silencing by methylation include BRCA1 in breast cancet, VHL
in renal cell carcinomas, and the MLH1 mismatch-repair gene
in colorectal cancer.'®® You will recall from Chapter 5 that
methylation also participates in the phenomenon called
genomic imprinting, in which the maternal or paternal allele of
a gene or chromosome is modified by methylation and is inac
tivated. The reverse phenomenon—that is, demethylation
an imprinted gene leading to its biallelic expression (loss @
imprinting)—can also occur in tumor cells.'! There has beef
great interest in developing potential therapeutic agents that
act to demethylate DNA sequences in tumor suppressor gene
Recent data demonstrating that genomic hypomethylatioh
causes chromosomal instability and induces tumors in M
greatly strengthen the notion that epigenetic changes may
directly contribute to tumor development.**'
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not entirely known.

The chromatin changes that contribute to carcinogenesis are
I__ESS well understood. The current paradigm is that there is a
histone code in which various modifications to the tails of his-
tones, such as acetylation and methylation, lead to activation or
epression of transcription. Several chromatin-modifying
Zymes, such as EZH2, have been shown to be overexpressed
breast and prostate carcinomas.'* EZH2 is the enzymatic
dmponent of the multiprotein polycomb repressive complex
4 which places repressive chromatin marks at the promoter of
BeNes. Although its targets in cancer in vivo have not yet been
Gefined, in cell lines overexpression of EZH?2 leads to the repres-
3100 of tumor suppressors, such as p21. Interestingly, in flies
dmammals the polycomb repressive complexes are required
10r the maintenance of stem cells, as well as to silence lineage-
ECIﬁC transcription factors until the proper cues signal dif-
_EDtlation. Inappropriate repression or expression of such
€S could give cancer cells a stem cell-like, undifferentiated
3 ;1(:1ty_ There is, of course, significant cross-talk between the

Matin-remodeling enzymes and the DNA-methylation

Role of miRNAs in tumorigenesis. A, Reduced activity of a miRNA that inhibits translation of an oncogene gives rise to
an excess of oncoproteins. B, Overactivity of a miRNA that targets a tumor suppression gene reduces the production of the tumor
suppressor protein. Question marks.in A and B indicate that the mechanisms by which changes in the level or activity of miRNA are

machinery. For example, the placement of repressive chroma-
tin marks by enzymes like EZH2 in cancer cells results in the
recruitment of DNA methylases, methylation of promoters,
and durable repression of gene expression.

miRNAs and Cancer

As discussed in Chapter 5, miRNAs are small noncoding,
single-stranded RNAs, approximately 22 nucleotides in length,
that are incorporated into the RNA-induced silencing complex.
The miRNAs mediate sequence-specific recognition of mRNAs
and, through the action of the RNA-induced silencing
complex, mediate post-transcriptional gene silencing. Given
that miRNAs control cell growth, differentiation, and cell sur-
vival, it is not surprising that they play a role in carcinogene-
sis.'"” miRNAs have been shown to undergo changes in
expression in cancer cells, and frequent amplifications and
deletions of miRNA loci have been identified in many cancers.
As illustrated in Figure 7-39, miRNAs can participate in neo-
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plastic transformation either by increasing the expression of
oncogenes or by reducing the expression of tumor suppressor
genes. If a miRNA inhibits the translation of an oncogene, a
reduction in the quantity or function of that miRNA will
lead to overproduction of the oncogene product; thus, the
miRNA acts as a tumor suppressor. Conversely, if the target of
a miRNA is a tumor suppressor gene, then overactivity of the
miRNA can reduce the tumor suppressor protein; thus, the
miRNA acts as an oncogene. Such relationships have already
been established by miRNA profiling of several human
tumors. For example, down-regulation or deletion of certain
miRNAs in some leukemias and lymphomas results in
increased expression of BCL2, the anti-apoptotic protein.
Thus, by negatively regulating BCL2, such miRNAs behave as
tumor suppressor genes. Similar miRNA-mediated upregula-
tion of RAS and MYC oncogenes has also been detected in
lung tumors and in certain B-cell leukemias, respectively. In
some brain and breast tumors there is 5- to 100-fold greater
expression of certain miRNAs. Although the targets of these
miRNAs have not been identified, presumably they are tumor
suppressor genes, whose activities are reduced by the overex-
pressed miRNA.

These findings not only provide nove] insights into carci-
nogenesis, they also have practical implications. For instance,
drugs that inhibit or augment the functions of miRNAs could
be useful in chemotherapy. Since miRNAs regulate normal
cellular differentiation, the patterns of miRNA expression
(“miRNA profiling”) can provide clues to the cell of origin
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and classification of tumors. Much remains to be leary
about these oncogenic miRNAs, or so called “oncomirs.”

Molecular Basis of Multistep
Carcinogenesis

The notion that malignant tumors arise from a protracteg
sequence of events is supported by epidemiologic, experimep.
tal, and molecular studies. The study of oncogenes and tumgy:
suppressor genes has provided a firm molecular footing for
the concept of multistep carcinogenesis.'®

Given that malignant tumors must acquire several funda.
mental abnormalities, discussed above, it follows that eqgh
cancer must result from the accumulation of multiple mutations,
Indeed, recently completed genome-wide sequencing analysis
of breast and colon cancers has revealed that individual tumerg
accumulate an average of 90 mutant genes. A much smaller
subset of these (11/tumor) were mutated at significant fre-
quency."* Included among the mutated genes are some known
oncogenes and tumor suppressor genes, and others that were
not previously known to be tumor-associated. It is not yet
established which of these mutations establish the transformed
state, contribute to tumor progression, or are “passengers”
(neutral mutations) occurring in genomically unstable cells
that are merely “along for the ride”. More directly, however, no
single oncogene can fully transform nonimmortalized cells i
vitro, but cells can generally be transformed by combinations of
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1C0gENeS- Sugh coopferation is required because each onco-
[ is speciahzed to induce part of the phenotype necessary
eful] transformation. For instance, the RAS oncogene
induces cells to secrete growth factors and permits them to
row without anchorage to a normal substrate (anchorage
mdependence), whereas the MY Concogene renders cells more
sepsitive 1O growth .facto.rs and immortalizes ce'lls. These two
genes, acting in conjunction, can cause neoplastic transforma-
tion of mouse fibroblasts in culture. . .
Furthermore, it seems thaF evolution has installed a variety
of “intrinsic tumor-suppressive mech'fmisms” such as apopto-
sis and senescence that thwart the actions of growth-promot-
ing mutatiois. Indeed, in cells w1th competent checkpoints,
oncogenic signaling through proteins like RAS leads not to
transformation but to senescence or apoptosis.”” Thus, emer-
gence of malignant tumors requires mutational loss of many
genes, including those that regulate apoptosis and senes-
cence.' A classic example of incremental acquisition of the
malignant plienotype is documented by the study of colon
carcinoma. Many of these cancers are believed to evolve
through a series of morphologically identifiable stages: colon
epithelial hyperplasia followed by formation of adenomas that
progressively enlarge and ultimately undergo malignant trans-
formation (Chapter 17). The proposed molecular correlates
of this adenoma-carcinoma sequence are illustrated in Figure
7-40. According to this scheme, inactivation of the APC tumor
SUpPressor gene occurs first, followed by activation of RAS
and, ultimately, loss of a tumor suppressor gene on 18q and
loss of p53. Also depicted is the senescence pathway if p53 loss
does not occur. Indeed, it has been shown that most cells in
most adenomas are senescent. It is thought that mutation of
a proto-oncogene such as RAS drives a cell into senescence
instead of proliferation®” by activating the DNA-damage
checkpoint, as discussed previously. The loss of p53 in adeno-
mas prevents oncogene-induced senescence, allowing the
adenomatous cells to continue to proliferate, generating a car-
cinoma. While multiple mutations, including gain of onco-
genes and loss of tumor suppressors, are required for
carcinogenesis, the precise temporal sequence of mutations
may be different in each organ and tumor type.

Carcinogenic Agents and Their
Cellular Interactions

More than 200 years ago the London surgeon Sir Percival Pott
oorrectly atiributed scrotal skin cancer in chimney sweeps to

onic exposure to soot. Based on this observation, the
Danish Chimney Sweeps Guild ruled that its members must
batl}e daily. No public health measure since that time has
achieved s much in the control of a form of cancer. Subse-
Quently, hundreds of chemicals have been shown to be carci-
fogenic in animals.

Some of the major agents are presented in Table 7-10. A
few comments are offered on a handful of these.

Steps Involved in Chemical Carcinogenesis

i‘:“dlscussed earlier, carcinogenesis is a multistep process. This
Most readily demonstrated in experimental models of
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Major
Dty = cminl

DIRECT-ACTING CARCINOGENS
Alkylating Agents

B-Propiolactone

Dimethyl sulfate

Diepoxybutane

Anticancer drugs {cyclophosphamide, chlorambucil,
nitrosoureas, and others)

Acylating Agents

1-Acetyl-imidazole
Dimethylcarbamyl chloride

PROCARCINOGENS THAT REQUIRE METABOLIC ACTIVATION
Polycyclic and Heterocyclic Aromatic Hydrocarbons

Benz[alanthracene
Benzolalpyrene

Dibenz[a, hlanthracene
3-Methylcholanthrene
7.12-Dimethylbenz(a)lanthracene

Aromatic Amines, Amides, Azo Dyes

2-Naphthylamine (B-naphthylamine)
Benzidine

2-Acetylaminofluorene
Dimethylaminoazobenzene (butter yellow)

Natural Plant and Microbial Products

Aflatoxin B,
Griseofulvin
Cycasin
Safrole
Betel nuts

Others

Nitrosamine and amides

Vinyl chloride, nickel, chromium
Insecticides, fungicides
Polychlorinated biphenyls

chemical carcinogenesis, in which the stages of initiation and
progression during cancer development were first described."*®
The classic experiments that allowed the distinction between
initiation and promotion were performed on mouse skin and
are outlined in Figure 7-41. The following concepts relating
to the initiation-promotion sequence have emerged from
these experiments:

© Initiation results from exposure of cells to a sufficient dose
of a carcinogenic agent (initiator); an initiated cell is altered,
making it potentially capable of giving rise to a tumor
(groups 2 and 3). Initiation alone, however, is not sufficient
for tumor formation (group 1).

© Initiation causes permanent DNA damage (mutations). It
is therefore rapid and irreversible and has “memory.” This
is illustrated by group 3, in which tumors were produced
even if the application of the promoting agent was delayed
for several months after a single application of the
initiator.

O Promoters can induce tumors in initiated cells, but they are
nontumorigenic by themselves (group 5). Furthermore,
tumors do not result when the promoting agent is applied
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FIGURE 7-41  Experiments demonstrating the initiation and pro-
motion phases of carcinogenesis in mice. Group 2: application of
promoter repeated at twice-weekly intervals for several months.
Group 3: application of promoter delayed for several months and
then applied twice weekly. Group 6: promoter applied at monthly
intervals.

before, rather than after, the initiating agent (group 4). This
indicates that, in contrast to the effects of initiators, the cel-
lular changes resulting from the application of promoters do
not affect DNA directly and are reversible. As discussed later,
promoters enhance the proliferation of initiated cells, an
effect that may contribute to the development of additional
mutations in these cells. That the effects of promoters are
reversible is further documented in group 6, in which
tumors failed to develop in initiated cells if the time between
multiple applications of the promoter was sufficiently
extended.

Although the concepts of initiation and promotion have
been derived largely from experiments involving induction of
skin cancer in mice, these stages are also discernible in the
development of cancers of the liver, urinary bladder, breast,
colon, and respiratory tract. With this brief overview of two
major steps in carcinogenesis, we can examine initiation and
promotion in more detail (Fig. 7—42). All initiating chemical
carcinogens are highly reactive electrophiles (have electron-
deficient atoms) that can react with nucleophilic (electron-
rich) sites in the cell. Their targets are DNA, RNA, and proteins,
and in some cases these interactions cause cell death. Initia-
tion, obviously, inflicts nonlethal damage on the DNA that
cannot be repaired. The mutated cell then passes on the DNA
lesions to its daughter cells. Chemicals that can cause initia-
tion of carcinogenesis can be classified into two categories:
direct acting and indirect acting.

Direct-Acting Agents

Direct-acting agents require no metabolic conversion to
become carcinogenic. Most of them are weak carcinogens but
are important because some are cancer chemotherapeutic
drugs (e.g., alkylating agents) that have successfully cured,

controlled, or delayed recurrence of certain types of cancey
(e.g., leukemia, lymphoma, and ovarian carcinoma), only tg
evoke later a second form of cancer, usually acute myelojg
leukemia. The risk of induced cancer is low, but its existence
dictates judicious use of such agents.

Indirect-Acting Agents

The designation indirect-acting agent refers to chemicals thy
require metabolic conversion to an ultimate carcinogen before
they become active. Some of the most potent indirect chemj.
cal carcinogens—the polycyclic hydrocarbons—are presentip
fossil fuels. Others, for example, benzo[a]pyrene and other
carcinogens, are formed in the high-temperature combustigy
of tobacco in cigarette smoking. These products are implicateq
in the causation of lung cancer in cigarette smokers. Polycyclic
hydrocarbons may also be produced from animal fats during
the process of broiling meats and are present in smoked meas
and fish. The principal active products in many hydrocarbons
are epoxides, which form covalent adducts (addition prod-
ucts) with molecules in the cell, principally DNA, but also with
RNA and proteins.
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FIGURE 7-42 General schema of events in chemical carcinogén:
esis. Note that promoters cause clonal expansion of the initia?e

cell, thus producing a preneoplastic clone. Further proliferatiol
induced by the promoter or other factors causes accumulation
additional mutations and emergence of a malignant tumor.



The aromatic amines and azo dyes are another class of
mdirect—acting carcinogens thgt were.w1§§ly used in the past
in the aniline dye and rub.ber 1pdustr1es. Many other occu-

ational carcinogens are listed in Table 7-3. . '

Most chemical carcinogens require metabo.hc activation for
conversion into ultimate carcinogens (secj Flg. 7-42). cher
metabolic pathways may lead to the inactivation (detomﬁcg—
tion) of the procarcinogen or its derlvat.wes. Thus, the carci-
jogenic potency of a 'chemlcal zs'deterrr?mefi not only by the
inherent reactivity of its elec?rophlll.c dgrwahve but also by the
palance between metabolic  activation and inactivation
reactions.

Most of the known carcinogens are metabolized by cyto-
chrome P-450-dependent mono-oxygenases. The genes that
encode these enzymes are quite polymorphic, and the activity
and inducibility of these enzymes have been shown to vary
among different individuals. Because these enzymes are essen-
tial for the activation of procarcinogens, the susceptibility to
carcinogenesis is regulated in part by polymorphisms in the
genes that encode these enzymes. Thus, it may be possible to
assess cancer risk in a given individual by genetic analysis of
such enzyme polymorphisms.'"

The metabolism of polycyclic aromatic hydrocarbons, such
as benzo[a] pyrene by the product of the P-450 gene, CYPIAI,
provides an instructive example. Approximately 10% of the
white population has a highly inducible form of this enzyme
that is associated with an increased risk of lung cancer in
smokers.'**'** Light smokers with the susceptible genotype
CYPIAI1 have a sevenfold higher risk of developing lung
cancer, compared with smokers without the permissive geno-
type. Not all variations in the activation or detoxification of
carcinogens are genetically determined. Age, sex, and nutri-
tional status also determine the internal dose of toxicants
produced and hence influence the risk of cancer development
in a particular individual.'®

Molecular Targets of Chemical Carcinogens. Because
malignant transformation results from mutations, it comes as
no surprise that the majority of initiating chemicals are muta-
genic. Thus, DNA is the primary target for chemical carcino-
gens, but there is no single or unique alteration associated with
Initiation of chemical carcinogenesis. Although any gene may
be the target of chemical carcinogens, the commonly mutated
oncogenes and tumor suppressors, such as RAS and p53, are
particularly important targets. An illustrative example of a
chemical carcinogenesis is aflatoxin By, a naturally occurring
agent produced by some strains of Aspergillus, a mold that
8r0ws on improperly stored grains and nuts. There is a strong
correlation between the dietary level of this food contaminant
and the incidence of hepatocellular carcinoma in parts of Africa
and the Far Fast. Interestingly, aflatoxin B, produces muta-
Bons in the p53 gene; 90% or more of these mutations are a
characterisiic G:C—T:A transversion in codon 249 (called
249(ser) p53 mutation).'” By contrast, p53 mutations are
much |ess frequent in liver tumors from areas where aflatoxin
“ontamination of food is not a risk factor, and the 249(ser)
mutati'on is uncommon. Thus, the detection of the “signature
’cf;:;tat%on” within the p53 gene establishes gﬂatoxin as the
toolssapve al.g1ent.. The§e asso.c1at10ns are proving to be qseful

I epidemiologic studies of chemical carcinogenesis.
o S‘:SSI'Fi011ally, v@n-yl chloride, arsenic., nickel,_ chromium,
Icides, fungicides, and polychlorinated biphenyls are
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potential carcinogens in the workplace and at home.
Finally, nitrites used as food preservatives have caused concern,
since they cause nitrosylation of amines contained in the
food. The nitrosoamines so formed are suspected to be
carcinogenic.

Initiation and Promotion of Chemical
Carcinogenesis

Unrepaired alterations in the DNA are essential first steps in
the process of initiation. For the change to be heritable, the
damaged DNA template must be replicated. Thus, for initiation
to occur, carcinogen-altered cells must undergo at least one cycle
of proliferation so that the change in DNA becomes fixed. In the
liver, many chemicals are activated to reactive electrophiles,
yet most of them do not produce cancers unless the liver cells
proliferate within a few days of the formation of DNA adducts.
In tissues that are normally quiescent, the mitogenic stimulus
may be provided by the carcinogen itself, because many cells
die as a result of toxic effects of the carcinogenic chemical,
thereby stimulating regeneration in the surviving cells. Alter-
natively, cell proliferation may be induced by concurrent
exposure to biologic agents such as viruses and parasites,
dietary factors, or hormonal influences. Agents that do not
cause mutation but instead stimulate the division of mutated
cells are known as promoters.

The carcinogenicity of some initiators is augmented by sub-
sequent administration of promoters (such as phorbol esters,
hormones, phenols, and drugs) that by themselves are nontu-
morigenic. Application of promoters leads to proliferation
and clonal expansion of initiated (mutated) cells. Such cells
have reduced growth factor requirements and may also be less
responsive to growth-inhibitory signals in their extracellular
milieu. Driven to proliferate, the initiated clone of cells suffers
additional mutations, developing eventually into a malignant
tumor. Thus, the process of tumor promotion includes mul-
tiple steps: proliferation of preneoplastic cells, malignant con-
version, and eventually tumor progression, which depends on
changes in tumor cells and the tumor stroma—the process of
multistep carcinogenesis highlighted above.

RADIATION CARCINOGENESIS

Radiant energy, whether in the form of the UV rays of
sunlight or as ionizing electromagnetic and particulate
radiation, is a well-established carcinogen. UV light is clearly
implicated in the causation of skin cancers, and ionizing
radiation exposure from medical or occupational exposure,
nuclear plant accidents, and atomic bomb detonations has
produced a variety of cancers. Although the contribution
of radiation to the total human burden of cancer is probably
small, the well-known latency of damage caused by radiant
energy and its cumulative effect require extremely long
periods of observation and make it difficult to ascertain its
full significance. An increased incidence of breast cancer
has become apparent decades later among women exposed
during childhood to atomic bomb tests. The incidence
peaked during 1988-1992 and then declined.”” Moreover,
radiation’s possible additive or synergistic effects with other
potential carcinogenic influences add another dimension to
the picture.
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Ultraviolet Rays

There is ample evidence from epidemiologic studies that
UV rays derived from the sun cause an increased incidence
of squamous cell carcinoma, basal cell carcinoma, and possi-
bly melanoma of the skin." The degree of risk depends
on the type of UV rays, the intensity of exposure, and
the quantity of the light-absorbing “protective mantle”
of melanin in the skin. Persons of European origin who have
fair skin that repeatedly becomes sunburned but stalwartly
refuses to tan and who live in locales receiving a great deal of
sunlight (e.g., Queensland, Australia, close to the equator)
have among the highest incidence of skin cancers (melano-
mas, squamous cell carcinomas, and basal cell carcinomas) in
the world. Nonmelanoma skin cancers are associated with
total cumulative exposure to UV radiation, whereas melano-
mas are associated with intense intermittent exposure—as
occurs with sunbathing. The UV portion of the solar spec-
trum can be divided into three wavelength ranges: UVA (320-
400 nm), UVB (280-320 nm), and UVC (200-280 nm). Of
these, UVB is believed to be responsible for the induction of
cutaneous cancers. UVC, although a potent mutagen, is not
considered significant because it is filtered out by the ozone
shield around the earth (hence the concern about ozone
depletion).

The carcinogenicity of UVB light is attributed to its formation
of pyrimidine dimers in DNA. This type of DNA damage is
repaired by the nucleotide excision repair pathway. There are
five steps in nucleotide excision repair, and in mammalian
cells the process may involve 30 or more proteins. It is postu-
lated that with excessive sun exposure, the capacity of the
nucleotide excision repair pathway is overwhelmed, and error-
prone nontemplated DNA-repair mechanisms become opera-
tive that provide for the survival of the cell at the cost of
genomic mutations that in some instances, lead to cancer. The
importance of the nucleotide excision repair pathway of DNA
repair is most graphically illustrated by the high frequency of
cancers in individuals with the hereditary disorder xeroderma

pigmentosum (discussed previously).'?

lonizing Radiation

Electromagnetic (x-rays, ¥ rays) and particulate (o particles,
B particles, protons, neutrons) radiations are all carcinogenic.
The evidence is so voluminous that a few examples suffice.'*>'>*
Many individuals pioneering the use of x-rays developed skin
cancers. Miners of radioactive elements in central Europe and
the Rocky Mountain region of the United States have a tenfold
increased incidence of lung cancers compared to the rest of
the population. Most telling is the follow-up of survivors
of the atomic bombs dropped on Hiroshima and Nagasaki.
Initjally there was a marked increase in the incidence of
leukemias—principally acute and chronic myelogenous leu-
kemia—after an average latent period of about 7 years. Sub-
sequently the incidence of many solid tumors with longer
latent periods (e.g., breast, colon, thyroid, and lung)
increased.

In humans there is a hierarchy of vulnerability of different
tissues to radiation-induced cancers. Most frequent are the
acute and chronic myeloid leukemia. Cancer of the thyroid
follows closely but only in the young. In the intermediate cat-

egory are cancers of the breast, lungs, and salivary glands, [y
contrast, skin, bone, and the gastrointestinal tract are relatwel
resistant to radiation-induced neoplasia, even though the gas .
trointestinal epithelial cells are vulnerable to the acute cgjj.
killing effects of radiation, and the skin is in the pathway of
all external radiation. Nonetheless, the physician dare pg
forget: practically any cell can be transformed into a cancey
cell by sufficient exposure to radiant energy.

MICROBIAL CARCINOGENESIS

Many RNA and DNA viruses have proved to be oncogenic iy
animals as disparate as frogs and primates. Despite intenge
scrutiny, however, only a few viruses have been linked with
human cancer. Our discussion focuses on human oncogenig
viruses as well as the emerging role of the bacterium Helicp-
bacter pylori in gastric cancer.

Oncogenic RNA Viruses

Human T-Cell Leukemia Virus Type 1. Although the
study of animal retroviruses has provided spectacular insights
into the molecular basis of cancer, only one human retrovirus,
human T-cell leukemia virus type 1 (HTLV-1), is firmly impli-
cated in the causation of cancer in humans.

HTLV-1 causes a form of T-cell leukemia/lymphoma that
is endemic in certain parts of Japan and the Caribbean basin
but is found sporadically elsewhere, including the United
States.'® Similar to the human immunodeficiency virus, which
causes acquired immunodeficiency syndrome (AIDS), HTLV-
1 has tropism for CD4+ T cells, and hence this subset of T cells
is the major target for neoplastic transformation. Human
infection requires transmission of infected T cells via sexual
intercourse, blood products, or breastfeeding. Leukemia devel-
ops in only 3% to 5% of the infected individuals after a long
latent period of 40 to 60 years.

There is little doubt that HTLV-1 infection of T lympho-
cytes is necessary for leukemogenesis, but the molecular
mechanisms of transformation are not entirely clear. In con
trast to several murine retroviruses, HTLV-1 does not contain
an oncogene, and no consistent integration next to a proto-
oncogene has been discovered. In leukemic cells, howeven
viral integration shows a clonal pattern. In other words,
although the site of viral integration in host chromosomes s
random (the viral DNA is found at different locations in dif-
ferent cancers), the site of integration is identical within all
cells of a given cancer. This would not occur if HTLV-1 were
merely a passenger that infects cells after transformation. The
HTLV-1 genome contains the gag, pol, env, and long ~terminal-
repeat regions typical of other retroviruses, but, in contrast t0
other leukemia viruses, it contains another region, referred to
as tax. It seems that the secrets of its transforming activity ar
locked in the tax gene."*® The product of this gene is essential
for viral replication, because it stimulates transcription of viral
mRNA by acting on the 5" long terminal repeat. It is noW
established that the Tax protein can also activate the transcrip:
tion of several host cell genes involved in proliferation an
differentiation of T cells. These include the immediate earlf
gene FOS, genes encoding interleukin-2 (IL-2) and its recep”
tor, and the gene for the myeloid growth factor granulocyte
macrophage colony-stimulating factor. In addition, TaX




inactivates the cell cycle inhibitor p16/INK4a and

hances cyclin D activation, thus dysregulating the cell cycle.
A also activates NF-kb, a transcription factor that regulates
;fa;(ost of genes, including pro-survival/anti-apoptotic genes.
Another mechanism by which Tax may Foptribqu to malig-
nant transformatiop is through genomic 1n.stab111ty.. Recent
data show that Tax interferes with DNA-repair functions and

bits ATM-mediated cell cycle checkpoints activated by
156

rotein

inhi
lDNA damage.

The main steps that lead to the development of adult T-cell
1eukemia/1YTnPh0ma may be summarized as follows. Infection
by HTLV-1 causes the expansion of a nonmalignant poly-
clonal cell population through stimulatory effects of Tax on
cell proliferation. The proliferating T cells are at increased risk
of mutations and genomic instability induced by Tax. This
instability allows the accumulation of mutations and chromo-
somal abnormalities, and eventually a monoclonal neoplastic
T-cell population emerges. The malignant cells replicate inde-
pendently of IL-2 and contain molecular and chromosomal

abnormalities.

Oncogenic DNA Viruses

As with RNA viruses, several oncogenic DNA viruses that
cause tumors in animals have been identified. Of the various
human DINA viruses, four—HPV, Epstein-Barr virus (EBV),
hepatitis B virus (HBV), and Kaposi sarcoma herpesvirus,
also called human herpesvirus 8—have been implicated in the
causation of human cancer. A fifth virus, Merkel cell polyoma-
virus, has been identified in Merkel cell carcinomas and may
soon join the rogue’s gallery; it is described in Chapter 25.
Kaposi sarcoma herpesvirus is discussed in Chapters 6 and 11.
Though not a DNA virus, HCV is also associated with cancer
and is discussed briefly here.'”
Human Papillomavirus. At least 70 genetically distinct
types of HPV have been identified. Some types (e.g., 1, 2, 4,
and 7) cause benign squamous papillomas (warts) in humans
(Chapters 19 and 22). By contrast, high-risk HPVs (e.g., types
16 and 18) have been implicated in the genesis of several
cancers, particularly squamous cell carcinoma of the cervix
and anogenital region."”*'* Thus, cervical cancer is a sexually
transmitted disease, caused by transmission of HPV. In addi-
tion, at least 20% of oropharyngeal cancers are associated with
HPV. In contrast to cervical cancers, genital warts have low
malignant potential and are associated with low-risk HPVs,
predominantly HPV-6 and HPV-11. Interestingly, in benign
warts the FIPV genome is maintained in a nonintegrated epi-
somal form, while in cancers the HPV genome is integrated
Into the host genome, suggesting that integration of viral DNA
S tmportant for malignant transformation. As with HTLV-1,
the site of viral integration in host chromosomes is random,
but the pattern of integration is clonal. Cells in which the viral
genome has integrated show significantly more genomic insta-
blhty. Furthermore, since the integration site is random there
I8 no consistent association with a host proto-oncogene.
Rather, integration interrupts the viral DNA within the E1/E2
OPen reading frame, leading to loss of the E2 viral repressor
and overexpression of the oncoproteins E6 and E7.

Indeed, the oncogenic potential of HPV can be related to
fhe Products of two viral genes, E6 and E7. Together, they
teract with a variety of growth-regulating proteins encoded
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SIGURE 7-43  Effect of HPV proteins E6 and E7 on the cell cycle.
E6 and E7 enhance p53 degradation, causing a block in apoptosis
and decreased activity of the p21 cell cycle inhibitor. E7 associates
with p21 and prevents its inhibition of the cyclin-CDK4 complex;
E7 can bind to RB, removing cell cycle restriction. The net effect
of HPV E6 and E7 proteins is to block apoptosis and remove the
restraints to cell proliferation (see Fig. 7-29). (Modified from
Minger K, Howley PM: Human papillomavirus immortalization
and transformation functions. Virus Res 89:213-228, 2002.)

by proto-oncogenes and tumor suppressor genes (Fig.
7-43). The E7 protein binds to the RB protein and displaces
the E2F transcription factors that are normally sequestered
by RB, promoting progression through the cell cycle. Of note,
E7 protein from high-risk HPV types has a higher affinity
for RB than does E7 from low-risk HPV types. E7 also inacti-
vates the CDKIs p21 and p27. E7 proteins from high-risk
HPV types (types 16, 18, and 31) also bind and presumably
activate cyclins E and A. The E6 protein has complementary
effects. It binds to and mediates the degradation of p53 and
BAX, a pro-apoptotic member of the BCL2 family, and it
activates telomerase. Like E7, E6 from high-risk HPV types
has a higher affinity for p53 than E6 from low-risk HPV types.
Interestingly the E6-p53 interaction may offer some clues
regarding polymorphisms and risk factors for development of
cervical cancer. Human p53 is polymorphic at amino acid 72,
encoding either a proline or arginine residue at that position.
The p53 Arg72 variant is much more susceptible to degrada-
tion by E6. Not surprisingly, infected individuals with the
Arg72 polymorphism are more likely to develop cervical
carcinomas.'®

To summarize, high-risk HPV types express oncogenic pro-
teins that inactivate tumor suppressors, activate cyclins, inhibit
apoptosis, and combat cellular senescence. Thus, it is evident
that many of the hallmarks of cancer discussed earlier are
driven by HPV proteins. The primacy of HPV infection in the
causation of cervical cancer is confirmed by the effectiveness
of anti-HPV vaccines in preventing cervical cancer. However,
infection with HPV itself is not sufficient for carcinogenesis.
For example, when human keratinocytes are transfected with
DNA from HPV types 16, 18, or 31 in vitro, they are immortal-
ized but do not form tumors in experimental animals. Co-
transfection with a mutated RAS gene results in full malignant
transformation. In addition to such genetic co-factors,
HPV in all likelihood also acts in concert with environmental
factors (Chapter 22). These include cigarette smoking, coexist-
ing microbial infections, dietary deficiencies, and hormonal
changes, all of which have been implicated in the pathogenesis
of cervical cancers. A high proportion of women infected with
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HPV clear the infection by immunological mechanisms, but
some do not for unknown reasons.

Epstein-Barr Virus. EBV, a member of the herpes family,
has been implicated in the pathogenesis of several human
tumors: the African form of Burkitt lymphoma; B-cell lym-
phomas in immunosuppressed individuals (particularly in
those with HIV infection or undergoing immunosuppressive
therapy after organ transplantation); a subset of Hodgkin
lymphoma; nasopharyngeal and some gastric carcinomas and
rare forms of T cell lymphomas and natura] killer (NK) cell
lymphomas.'' Except for nasopharyngeal carcinoma, all
others are B-cell tumors. These neoplasms are reviewed else-
where in this book; therefore, only their association with EBV
is discussed here.

EBV infects B lymphocytes and possibly epithelial cells of
the oropharynx. EBV uses the complement receptor CD21 to
attach to and infect B cells. The infection of B cells is latent;
that is, there is no viral replication and the cells are not killed,
but the B cells latently infected with EBV are immortalized
and acquire the ability to propagate indefinitely in vitro. The
molecular basis of B-cell proliferations induced by EBV is
complex, but as with other viruses it involves the “hijacking”
of several normal signaling pathways.'*> One EBV gene, latent
membrane protein-1 (LMP-1), acts as an oncogene, in that its
expression in transgenic mice induces B-cell lymphomas.
LMP-1 behaves like a constitutively active CD40 receptor, a
key recipient of helper T-cell signals that stimulate B-cell
growth (Chapter 6). LMP-1 activates the NF-xB and JAK/
STAT signaling pathways and promotes B-cell survival and
proliferation, all of which occur autonomously (i.e., without
T cells or other outside signals) in EBV-infected B cells. Con-
currently, LMP-1 prevents apoptosis by activating BCL2. Thus,
the virus “borrows” a normal B-cell activation pathway to
expand the pool of latently infected cells. Another EBV gene,
EBNA-2, encodes a nuclear protein that mimics a constitu-
tively active Notch receptor. EBNA-2 transactivates several
host genes, including cyclin D and the src family of proto-
oncogenes. In addition, the EBV genome contains a viral cyto-
kine, vIL-10, that was hijacked from the host genome. This
viral cytokine can prevent macrophages and monocytes from
activating T cells and is required for EBV-dependent transfor-
mation of B cells. In immunologically normal individuals
EBV-driven polyclonal B-cell proliferation in vivo is readily
controlled, and the individual either remains asymptomatic or
develops a self-limited episode of infectious mononucleosis
(Chapter 8). Evasion of the immune system seems to be a key
step in EBV-related oncogenesis.

Burkitt lymphoma is a neoplasm of B lymphocytes that is
the most common childhood tumor in central Africa and New
Guinea. A morphologically identical lymphoma occurs spo-
radically throughout the world. The association between
endemic Burkitt lymphoma and EBV is quite strong (Fig.
7-44):

© More than 90% of African tumors carry the EBV
genome.

© One hundred percent of the patients have elevated anti-
body titers against viral capsid antigens.

© Serum antibody titers against viral capsid antigens are
correlated with the risk of developing the tumor.
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FIGURE 7-44 Possible evolution of EBV-induced Burkitt
lymphoma. .

Although EBV is intimately involved in the causation of
Burkitt lymphoma, several observations suggest that addi-
tional factors must also be involved.'®"'* (1) EBV infection is
not limited to the geographic locales where Burkitt lymphoma
is found, but it is a ubiquitous virus that asymptomatically
infects almost all humans worldwide. (2) The EBV genome is
found in only 15% to 20% of sufferers of Burkitt lymphoma
outside Africa. (3) There are significant differences in the pat-
terns of viral gene expression in EBV-transformed (but not
tumorigenic) B-cell lines and Burkitt lymphoma cells. Most
notably, Burkitt lymphoma cells do not express LMP-L
EBNA2, and other EBV proteins that drive B-cell growth and
immortalization.

Given these observations, how then does EBV contribute to
the genesis of endemic Burkitt lymphoma? A plausible sces
nario is shown in Figure 7-44. In regions of the world where
Burkitt lymphoma is endemic, concormitant infections such
as malaria impair immune competence, allowing sustain_ed
B-cell proliferation. Eventually, however, T-cell immumnit}
directed against EBV antigens such as EBNA2 and LMP-i
eliminates most of the EBV-infected B cells, but a small
number of cells downregulate expression of these immuno-
genic antigens. These cells persist indefinitely, even in the facé
of normal immunity. Lymphoma cells may emerge from this




OPuJation only with the acquisition of specific mutations,
qust notably translocations that activate the ¢-MYC onco-
ene. It should be noted that in nonendemic areas 80% of
rumors do not harbor the EBV genome, but all tumors possess
the t(8;14) or other translocations that dysregulate c-MYC.
This observation suggests that, although non-African Burkitt
phomas are triggered by mechanisms other than EBV, they
develop through very similar oncogenic pathways.

In summary, in the case of Burkitt lymphoma, it seems that
EBV is not directly oncogenic, but by acting as a polyclonal
B-cell mitogen, it sets the stage for the acquisition of the
{(8;14) translocation and other mutations, which ultimately
release the cells from normal growth regulation. In normal
individuals, EBV infection is readily controlled by effective
immune responses directed against viral antigens expressed
on the cell membranes. Hence, the vast majority of infected
individuals remain asymptomatic or develop self-limited
infectious mononucleosis. In regions of Africa where Burkitt
lymphoma is endemic, poorly understood cofactors (e.g.,
chronic malaria) may favor the acquisition of genetic events
(e.g., the t(8;14) translocation) that lead to transformation.
The role played by EBV is more direct in B-cell lymphomas
in immunosuppressed patients. Some persons with AIDS and
those who receive long-term immunosuppressive therapy for
preventing allograft rejection present with multifocal B-cell
tumors within lymphoid tissue or in the central nervous
system. These tumors are polyclonal at the outset but can
develop into monoclonal neoplasms. In contrast to Burkitt
lymphoma, the tumors in immunosuppressed patients uni-
formly express LMP-1 and EBNA2, that are recognized by
cytotoxic T cells. These potentially lethal proliferations can be
subdued if the immunological status of the host improves, as
may occur with withdrawal of immunosuppressive drugs in
transplant recipients.

Nasopharyngeal carcinoma is also associated with EBV
infection. This tumor is endemic in southern China, in some
parts of Africa, and in the Inuit population of the Arctic. In
contrast to Burkitt lymphoma, 100% of nasopharyngeal car-
cinomas obtained from all parts of the world contain EBV
DNA.'* The viral integration in the host cells is clonal, thus
ruling out the possibility that EBV infection occurred after
tumor development. Antibody titers to viral capsid antigens
are greatly elevated, and in endemic areas patients develop IgA
antibodies before the appearance of the tumor. The 100%
correlation between EBV and nasopharyngeal carcinoma sug-
gests that EBV''? plays a role in the genesis of this tumor, but
(as with Burkitt tumor) the restricted geographic distribution
indicates that genetic or environmental cofactors, or both, also
contribute to tumor development. LMP-1 is expressed in epi-
thelial cells as well. In these cells, as in B cells, LMP-1 activates
ﬂ}e NF-#B pathway. Furthermore, LMP-1 induces the expres-
81on of pro-angiogenic factors such as VEGE, FGF-2, MMP9,
and COX2, which may contribute to oncogenesis. The rela-
tionship of EBV to the pathogenesis of Hodgkin lymphoma is
discussed in Chapter 13.

Hepatitis B and C Viruses. Epidemiologic studies strongly
Suggest a close association between HBV infection and the
Occurrence of liver cancer (Chapter 18). It is estimated that
700_/0 to 85% of hepatocellular carcinomas worldwide are due
10 infection with HBV or HCV."'"'%1% HBV js endemic in
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countries of the Far East and Africa; correspondingly, these
areas have the highest incidence of hepatocellular carcinoma.
Despite compelling epidemiologic and experimental evidence,
the mode of action of these viruses in liver tumorigenesis is
not fully elucidated. The HBV and HCV genomes do not
encode any viral oncoproteins, and although the HBV DNA
is integrated within the human genome, there is no consistent
pattern of integration in liver cells. Indeed, the oncogenic
effects of HBV and HCV are multifactorial, but the dominant
effect seems to be immunologically mediated chronic inflam-
mation with hepatocyte death leading to regeneration and
genomic damage. Although the immune system is generally
thought to be protective, recent work has demonstrated that
in the setting of unresolved chronic inflammation, as occurs
in viral hepatitis or chronic gastritis caused by H. pylori (see
below), the immune response may become maladaptive, pro-
moting tumorigenesis.

As with any cause of hepatocellular injury, chronic viral
infection leads to the compensatory proliferation of hepato-
cytes. This regenerative process is aided and abetted by a
plethora of growth factors, cytokines, chemokines, and other
bioactive substances that are produced by activated immune
cells and promote cell survival, tissue remodeling, and angio-
genesis (Chapter 3). The activated immune cells also produce
other mediators, such as reactive oxygen species, that are
genotoxic and mutagenic. One key molecular step seems to be
activation of the NF-xB pathway in hepatocytes in response
to mediators derived from the activated immune cells. Activa-
tion of the NF-xB pathway within hepatocytes blocks apop-
tosis, allowing the dividing hepatocytes to incur genotoxic
stress and to accumulate mutations. Although this seems to be
the dominant mechanism in the pathogenesis of viral-induced
hepatocellular carcinoma, both HBV and HCV also contain
proteins within their genomes that may more directly promote
the development of cancer. The HBV genome contains a gene
known as HBx that can directly or indirectly activate a variety
of transcription factors and several signal transduction path-
ways. In addition, viral integration can cause secondary rear-
rangements of chromosomes, including multiple deletions
that may harbor unknown tumor suppressor genes.

Though not a DNA virus, HCV is also strongly linked to
the pathogenesis of liver cancer. The molecular mechanisms
used by HCV are less well defined than are those of HBV. In
addition to chronic liver cell injury and compensatory regen-
eration, components of the HCV genome, such as the HCV
core protein, may have a direct effect on tumorigenesis, pos-
sibly by activating a variety of growth-promoting signal
transduction pathways.

Helicobacter pylori

First incriminated as a cause of peptic ulcers, H. pylori now
has acquired the dubious distinction of being the first bacte-
rium classified as a carcinogen. Indeed, H. pylori infection is
implicated in the genesis of both gastric adenocarcinomas and
gastric lymphomas.'®

The scenario for the development of gastric adenocarci-
noma is similar to that of HBV- and HCV-induced liver cancer.
It involves increased epithelial cell proliferation in a back-
ground of chronic inflammation. As in viral hepatitis, the
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inflammatory milieu contains numerous genotoxic agents,
such as reactive oxygen species. There is an initial develop-
ment of chronic gastritis, followed by gastric atrophy, intesti-
nal metaplasia of the lining cells, dysplasia, and cancer. This
sequence takes decades to complete and occurs in only 3% of
infected patients. Like HBV and HCV, the H. pylori genome
also contains genes directly implicated in oncogenesis. Strains
associated with gastric adenocarcinoma have been shown to
contain a “pathogenicity island” that contains cytotoxin-asso-
ciated A (CagA) gene. Although H. pylori is noninvasive, CagA
penetrates into gastric epithelial cells, where it has a variety of
effects, including the initiation of a signaling cascade that
mimics unregulated growth factor stimulation.

As mentioned above, H. pyloriis associated with an increased
risk for the development of gastric lymphomas as well. The
gastric lymphomas are of B-cell origin, and because the tumors
recapitulate some of the features of normal Peyer’s patches,
they are often called lymphomas of mucosa-associated lym-
phoid tissue, or MALTomas (also discussed in Chapters 13 and
17). Their molecular pathogenesis is incompletely understood
but seems to involve strain-specific H. pylori factors, as well as
host genetic factors, such as polymorphisms in the promoters
of inflammatory cytokines such as IL-1P and tumor necrosis
factor (TNF). It is thought that H. pylori infection leads to the
appearance of H. pylori-reactive T cells, which in turn stimu-
late a polyclonal B-cell proliferation. In chronic infections,
currently unknown mutations may be acquired that give indi-
vidual cells a growth advantage. These cells grow out into a
monoclonal “MALToma” that nevertheless remains dependent
on T-cell stimulation of B-cell pathways that activate the tran-
scription factor NF-xB. At this stage, eradication of H. pylori
by antibiotic therapy “cures” the lymphoma by removing the
antigenic stimulus for T cells. At later stages, however, addi-
tional mutations may be acquired, such as an (11;18) translo-
cation, that cause NF-kB to be activated constitutively. At this
point, the MALToma no longer requires the antigenic stimulus
of the bacterium for growth and survival and develops the
capacity to spread beyond the stomach to other tissues.

Host Defense against Tumors—
Tumor Immunity

The idea that tumors are not entirely self and may be recog-
nized by the immune system was conceived by Paul Ehrlich,
who proposed that immune recognition of autologous tumor
cells may be capable of eliminating tumors. Subsequently,
Lewis Thomas and Macfarlane Burnet formalized this concept
by coining the term immune surveillance, which implies that
a normal function of the immune system is to survey the body
for emerging malignant cells and destroy them."”*”' This idea
has been supported by many observations—the occurrence of
lymphocytic infiltrates around tumors and in lymph nodes
draining sites of cancer; experimental results, mostly with
transplanted tumors; the increased incidence of some cancers
in immunodeficient individuals; and the direct demonstration
of tumor-specific T cells and antibodies in patients. The fact
that cancers occur in immunocompetent individuals suggests
that immune surveillance is imperfect; however, that some
tumors escape such policing does not preclude the possibility

that others may have been aborted.”” The concept of tumg
immune surveillance has recently been expanded to encop.
pass not only the protective role of the immune system jy
tumor development but also the effect of the immune System
in selecting for tumor variants.'””* These variants hay
reduced immunogenicity and can more easily escape immy.
nological detection and rejection. The term cancer immunoeg.
iting is now being used to describe the effects of the immupe
system in preventing tumor formation and also in “sculpting>
the immunogenic properties of tumors to select tumor cefls
that escape immune elimination.'”

In the following section we explore some of the importay
questions about tumor immunity: What is the nature of tumg;
antigens? What host effector systems may recognize tumg
cells? Is antitumor immunity effective against spontanegys
neoplasms? Can immune reactions against tumors be exploited
for immunotherapy?

TUMOR ANTIGENS

Antigens that elicit an immune response have been
demonstrated in many experimentally induced tumors and in
some human cancers."”® Initially, they were broadly classified
into two categories based on their patterns of expression;
tumor-specific antigens, which are present only on tumor cells
and not on any normal cells, and tumor-associated antigens,
which are present on tumor cells and also on some normal
cells. This classification, however, is imperfect because many
antigens thought to be tumor-specific turned out to be
expressed by some normal cells as well. The modern classifica-
tion of tumor antigens is based on their molecular structure
and source.

The early attempts to purify and characterize tumor antj-
gens relied on producing monoclonal antibodies specific for
tumor cells and defining the antigens that these antibodies
recognized. An important advance in the field was the devel-
opment of techniques for identifying tumor antigens that
were recognized by cytotoxic T lymphocytes (CTLs), because
CTLs are the major immune defense mechanism against
tumors. Recall that CTLs recognize peptides derived from
cytoplasmic proteins that are displayed bound to class I major
histocompatibility complex (MHC) molecules {(Chapter 6):
Below we describe the main. classes of tumor antigens (Fig
7—45).

Products of Mutated Genes. Neoplastic transformation,
as we have discussed, results from genetic alterations in proto:
oncogenes and tumor suppressor genes; these mutated pro-
teins represent antigens that have never been seen by the
immune system and thus can be recognized as non-self.’ -
Additionally, because of the genetic instability of tumor cell
many different genes may be mutated in these cells, including
genes whose products are not related to the transformed phe:
notype and have no known function. Products of these
mutated genes can also be potential tumor antigens. The
products of altered proto-oncogenes, tumor suppressor gents
or other mutated genes not associated with transformation
synthesized in the cytoplasm of tumor cells, and like any cyt0*
plasmic protein, they may enter the class I MHC antigen”
processing pathway and be recognized by CD8+ T cells. In
addition, these proteins may enter the class IT antigen-process
ing pathway in antigen-presenting cells that have phagod)®
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tosed dead tumor cells, and thus be recognized by CD4+ T
cells also. Because these altered proteins are not present in
normal cells, they do not induce self-tolerance. Some cancer
Ppatients have circulating CD4+ and CD8+ T cells that can
respond to the products of mutated oncogenes such as RAS,
'953, and BCR-ABL proteins. In animals, immunization with
mutated RAS or p53 proteins induces CTLs and rejection
Tesponses against tumors expressing these mutants. However,
these oncoproteins do not seem to be major targets of tumor-
specific CTLs in most patients.

Overexpressed or Aberrantly Expressed Cellular
Proteins. Tiimor antigens may be normal cellular proteins
that are abnormally expressed in tumor cells and elicit immune

Ponses. In a subset of human melanomas some tumor anti-
€Ns are structurally normal proteins that are produced at low
vels in normal cells and overexpressed in tumor cells. One
ich antiger; is tyrosinase, an enzyme involved in melanin
10synthesis that is expressed only in normal melanocytes and
Melanomas.”™ T cells from melanoma patients recognize pep-
tides derived from tyrosinase, raising the possibility that tyros-
ir{asg vaccines may stimulate such responses to melanomas;

Nical trials with these vaccines are ongoing. It may be sur-

T8INg that these patients are able to respond to a normal
Self-antigen, The probable explanation is that tyrosinase is
Ormally produced in such small amounts and in so few cells

= No T cell y }‘ EXAMPLES
Normal host cell response
displaying multiple
MHC—assocnated
self aniigens }.
B
Product of Oncogene products: mutated
oncogene or RAS, BCR/ABL fusion proteins
mutated tumor CD8+ CTL
suppressor Tumor suppressor gene
gene products: mutated p53 protein
Various mutant proteins in
carcinogen, or radiation,
l\lllfutated_ induced animal tumors;
self protein various mutated proteins
Tumor cells in melanomas
expressing
different
types of tumor
antigens Overexpressed: tyrosinase,
Overexpressed gp100, MART in melanomas
or aberrantly CD8+ CTL
expresse_d Aberrantly expressed: cancer-
self protein testis antigens (MAGE, BAGE)
=
- (L.
e v Virus Hur;ngn papilloma ;/irus E6, E7
Oncogenic antigen- proteins in cervical carcinoma;
virgs specific EBNA proteins in EBV-induced
. CD8+CTL lymphoma
l{ﬁﬂGURE 7-45 Tumor antigens recognized by CD8+ T cells. {(Modified from Abbas AK, Lichtman AH: Cellular and Molecular Immunol-

that it is not recognized by the immune system and fails to
induce tolerance.

Another group, the “cancer-testis” antigens, are encoded by
genes that are silent in all adult tissues except the testis—hence
their name. Although the protein is present in the testis it is
not expressed on the cell surface in an antigenic form, because
sperm do not express MHC class I antigens. Thus, for all
practical purposes these antigens are tumor specific. Proto-
typic of this group is the melanoma antigen gene (MAGE)
family. Although originally described in melanomas, MAGE
antigens are expressed by a variety of tumor types. For example,
MAGE-1 is expressed on 37% of melanomas and a variable
number of lung, liver, stomach, and esophageal carcinomas.'®
Similar antigens called GAGE, BAGE, and RAGE have been
detected in other tumors.

Tumor Antigens Produced by Oncogenic Viruses. As we
have discussed, several viruses are associated with cancers. Not
surprisingly, these viruses produce proteins that are recog-
nized as foreign by the immune system. The most potent of
these antigens are proteins produced by latent DNA viruses;
examples in humans include HPV and EBV. There is abundant
evidence that CTLs recognize antigens of these viruses and
that a competent immune system plays a role in surveillance
against virus-induced tumors because of its ability to recog-
nize and kill virus-infected cells. In fact, the concept of immune
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surveillance against tumors is best established for DNA virus—
induced tumors. Indeed, vaccines against HPV antigens are
effective in preventing cervical cancers in young females.

Oncofetal Antigens. Oncofetal antigens are proteins that
are expressed at high levels on cancer cells and in normal
developing (fetal) but not adult tissues. It is believed that the
genes encoding these proteins are silenced during develop-
ment and are derepressed upon malignant transformation.
Oncofetal antigens were identified with antibodies raised in
other species, and their main importance is that they provide
markers that aid in tumor diagnosis. As techniques for detect-
ing these antigens have improved, it has become clear that
their expression in adults is not limited to tumors. Amounts
of these proteins are increased in tissues and in the circulation
in various inflammatory conditions, and they are found in
small quantities even in normal tissues. There is no evidence
that oncofetal antigens are important inducers or targets of
antitumor immunity. The two most thoroughly characterized
oncofetal antigens are carcinoembryonic antigen (CEA) and
a-fetoprotein (AFP). These are discussed in the section on
“Turmor Markers”.

Altered Cell Surface Glycolipids and Glycoproteins. Most
human and experimental tumors express higher than normal
levels and/or abnormal forms of surface glycoproteins and
glycolipids, which may be diagnostic markers and targets for
therapy. These altered molecules include gangliosides, blood
group antigens, and mucins. Many antibodies have been raised
in animals that recognize the carbohydrate groups or peptide
cores of these molecules. Although most of the epitopes rec-
ognized by these antibodies are not specifically expressed on
tumors, they are present at higher levels on cancer cells than
on normal cells. This class of antigens is a target for cancer
therapy with specific antibodies.

Among the glycolipids expressed at high levels in melano-
mas are the gangliosides GM,, GD,, and GD;. Clinical trials of
anti-GM, and anti-GD; antibodies and immunization with
vaccines containing GM, are underway in melanoma patients.
Mucins are high-molecular-weight glycoproteins containing
numerous O-linked carbohydrate side chains on a core poly-
peptide. Tumors often have dysregulated expression of the
enzymes that synthesize these carbohydrate side chains, which
leads to the appearance of tumor-specific epitopes on the
carbohydrate side chains or on the abnormally exposed poly-
peptide core. Several mucins have been the focus of diagnostic
and therapeutic studies, including CA-125 and CA-19-9,
expressed on ovarian carcinomas, and MUC-1, expressed on
breast carcinomas. Unlike many mucins, MUC-1 is an integral
membrane protein that is normally expressed only on the
apical surface of breast ductal epithelium, a site that is rela-
tively sequestered from the immune system. In ductal carci-
nomas of the breast, however, the molecule is expressed in an
unpolarized fashion and contains new, tumor-specific carbo-
hydrate and peptide epitopes detectable by mouse monoclonal
antibodies. The peptide epitopes induce both antibody and
T-cell responses in cancer patients and are therefore being
considered as candidates for tumor vaccines.

Cell Type-Specific Differentiation Antigens. Tumors
express molecules that are normally present on the cells of
origin. These antigens are called differentiation antigens
because they are specific for particular lineages or differentia-
tion stages of various cell types. Such differentiation antigens
are typically normal self-antigens, and therefore they do

not induce immune response in tumor-bearing hOsts
Their importance is as potential targets for 1mmunotherap
and for identifying the tissue of origin of tumors. For exam ple,
lymphomas may be diagnosed as B cell-derived tumOI‘Sb
the detection of surface markers characteristic of this lineg
such as CD20. Antibodies against CD20 are also used foy
tumor immunotherapy. These kill normal B cells as well
but because hemopoeitic stem cells are spared, new B cgljs
emerge eventually. The idiotypic determinants of the surfae
immunoglobulin of a clonal B-cell population are marker
for that B-cell clone, because all other B cells express differeng
idiotypes. Therefore, the immunoglobulin idiotype s 4
highly specific tumor antigen for B-cell lymphomas apg
leukemias.

ANTITUMOR EFFECTOR MECHANISMS

Cell-mediated immunity is the dominant antitumor mecha-
nism in vivo. Although antibodies can be made against tumors,
there is no evidence that they play a protective role under
physiologic conditions. The cellular effectors that mediate
immunity were described in Chapter 6, so it is necessary here
only to characterize them briefly.

© Cytotoxic T lymphocytes: The antitumor effect of cytotoxie
T cells reacting against tumor antigens is well established
in experimentally induced tumors. In humans, CD8+ CTLs
play a protective role against virus-associated neoplasms
(e.g., EBV- and HPV-induced tumors) and have been dem-
onstrated in the blood and tumor infiltrates of cancer
patients. In some cases, such CD8+ T cells do not develop
spontaneously in vivo but can be generated by immuniza-
tion with tumor antigen—pulsed dendritic cells.

© Natural killer cells: NK cells are lymphocytes that are capable
of destroying tumor cells without prior sensitization and
thus may provide the first line of defense against tumor
cells.'®! After activation with IL-2 and IL-15, NK cells can
lyse a wide range of human tumors, including many that
seem to be nonimmunogenic for T cells. T cells and NK cells
seem to provide complementary antitumor mechanisms.
Tumors that fail to express MHC class I antigens cannot be
recognized by T cells, but these tumors may trigger NK cells
because the latter are inhibited by recognition of norml
autologous class I molecules (Chapter 6). The triggering
receptors on NK cells are extremely diverse and belong to

several gene families. NKG2D proteins expressed on NK
cells and some T cells are important activating receptors.
They recognize stress-induced antigens that are expressed
on tumor cells and cells that have incurred DNA damage
and are at risk for neoplastic transformation.

O Macrophages: Activated macrophages exhibit cytotoxicity
against tumor cells in vitro. T cells, NK cells, and macro:
phages may collaborate in antitumor reactivity, because
interferon-y, a cytokine secreted by T cells and NK cells, is
a potent activator of macrophages. Activated macrophages
may kill tumors by mechanisms similar to those used to kll
microbes (e.g., production of reactive oxygen metabolite$
Chapter 2) or by secretion of TNFE.

© Antibodies: Although there is no evidence for the protective
effects of antitumor antibodies against spontaneous tumors
administration of monoclonal antibodies against tumor
cells can be therapeutically effective. A monoclonal anti
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body against CD20, a B-cell surface antigen, is widely used
for treatment of lymphomas.

IMMUNE SURVEILLANCE AND ESCAPE

Given the many potential antitumor mechanisms, is there any
evidence that they operate in vivo to prevent emergence of
neoplasms? The strongest argument for the existence of
Immune surveillance is the increased frequency of cancers in
immunodeficient hosts. About 5% of persons with congenital
_lm{nunodeﬁciencies develop cancers, about 200 times the rate
in immunocompetent individuals. Immunosuppressed trans-
Plapt recipients and persons with AIDS also have an increased
Incidence of malignancies. Most (but not all) of these neo-
PlaSI_ns are lymphomas, often diffuse large B-cell lymphomas.
Particularly illustrative is the rare X-linked recessive immuno-
deficiency disorder termed XLP (X-linked lymphoproliferative
Syndrome), caused by mutations in the gene encoding an
3da_Pt€r protein (SAP), which participates in lymphocyte sig-
Naling pathways.'*? When affected boys develop an EBV infec-
tion, such infection does not take the usual self-limited form
of infectious mononucleosis but instead evolves into a chronic
Or sometimes fatal form of infectious mononucleosis or, even
Worse, B-cell lymphoma.

Mechanisms by which tumors evade the immune system. (Reprinted from Abbas AK, Lichtman AH: Cellular and Molecu-

Most cancers occur in persons who do not suffer from any
overt immunodeficiency. It is evident, then, that tumor cells
must develop mechanisms to escape or evade the immune system
in immunocompetent hosts. Several such mechanisms may be
operative (Fig. 7-46).

O Selective outgrowth of antigen-negative variants: During
tumor progression, strongly immunogenic subclones may
be eliminated.

© Loss or reduced expression of MHC molecules: Tumor cells
may fail to express normal levels of HLA class I molecules,
thereby escaping attack by cytotoxic T cells. Such cells,
however, may trigger NK cells.

© Lack of costimulation: It may be recalled that sensitization
of T cells requires two signals, one by a foreign peptide
presented by MHC molecules and the other by costimula-
tory molecules (Chapter 6); although tumor cells may
express peptide antigens with class I molecules, they often
do not express costimulatory molecules. This not only pre-
vents sensitization but also may render T cells anergic or,
worse, cause them to undergo apoptosis. To bypass this
problem, attempts are being made to immunize patients
with autologous tumor cells that have been transfected with
the gene for the costimulatory molecule B7-1 (CD 80). In
another approach, autologous dendritic cells expanded in
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vitro and pulsed with tumor antigens (e.g., MAGE1) are
infused into cancer patients. Because dendritic cells express
high levels of costimulatory molecules, it is expected that
such immunization will stimulate antitumor T cells,

O Immunosuppression: Many oncogenic agents {e.g., chemi-
cals and lonizing radiatjon) suppress host immune
responses. Tumors or tumor products also may be immu-
nosuppressive. For example, TGEF-B, secreted in large quan-
tities by many tumors, is a potent Immunosuppressant. In
some cases the immune response induced by the tumor
may inhibit tumor immunity. Several mechanjsms of such
inhibition have been described. For Instance, recognition of
tumor cells may lead to engagement of the T-cell inhibitory
receptor, CTLA4, or activation of regulatory T cells that
suppress immune responses.

© Antigen masking: The cell surface antigens of tumors may
be hidden, or masked, from the immune system by glycoca-
lyx molecules, such as sialic acid—containing mucopolysac-
charides. This may be a consequence of the fact that tumor
cells often express more of these glycocalyx molecules than
normal cells do.

© Apoptosis of cytotoxic T cells: Some melanomas and hepato-
cellular carcinomas express FasL. It has been postulated
that these tumors kill Fas-expressing T lymphocytes that
come in contact with them, thus eliminating tumor-specific
T cells.'®

Thus, it seems that there js no dearth of mechanisms by
which tumor cells can outwit the host and thrive despite an
intact immune system.

Itis worth mentioning that although much of the focus in the
field of tumor immunity has been on the mechanisms by which
the host immune system defends against tumors, there is some
recent evidence that, paradoxically, the immune system may
promote the growth of tumors.® Tt is possible that activated
lymphocytes and macrophages produce growth factors for
tumor cells, and regulatory T-cells and certain subtypes of mac-
rophages may suppress the host response to tumors. Enzymes,
such as MMPs, that enhance tumor invasion, may also be pro-
duced. Harnessing the protective actions of the immune system
and abolishing its ability to increase tumor growth are obviously
important goals of Immunologists and oncologists.

Clinical Aspects of Neoplasia

Ultimately the Importance of neoplasms lies in their effects
on patients. Although malignant tumors are of course more
threatening than benign tumors, any tumor, even a benign
One, may cause morbidity and mortality. Indeed, both malig-
nant and benign tumors may cause problems because of (1)
location and impingement on adjacent structures, (2) func-
tional activity such as hormone synthesis or the development
of paraneoplastic syndromes, (3) bleeding and infections when
the tumor ulcerates through adjacent surfaces, (4) symptoms
that result from fupture or infarction, and (5) cachexia or
wasting.

Local and Hormonal Effects

Location is crucial in both benign and malignant tumors, A
mall (1-cm) pituitary adenoma, though benign and possibly

nonfunctional, can compress and destroy the surroung
normal gland and thus Jead to serious hypopituataris,?]m
Cancers arising within or metastatic to an endocrine 8land‘
may cause an endocrine insufficiency by destroying the glang
Neoplasms in the gut, both benign and malignant, May caye
obstruction as they enlarge. Infrequently, peristaltic Moye.
ment telescopes the neoplasm and its affected segment jng,
the downstream segment, producing an obstructing intyg.
susception (Chapter 17).

Hormone production is seen with benign and malignap:
neoplasms arising in endocrine glands. Such functiona] actjy.
ity is more typical of benign than of malignant tumors, which
may be sufficiently undifferentiated to have lost such capaby].
ity. A benign beta-cell adenoma of the pancreatic islets less
than 1 cm in diameter may produce sufficient insulin to cauge
fatal hypoglycemia. In addition, nonendocrine tumors mgy
elaborate hormones or hormone-like products and give rige
to paraneoplastic syndromes (discussed later). The erosive and
destructive growth of cancers or the expansile pressure of 2
benign tumor on any natural surface, such as the skin or
mucosa of the gut, may cause ulcerations, secondary infec.
tions, and bleeding. Melena (blood in the stool) and hemagy.
ria, for example, are characteristic of neoplasms of the gutand
urinary tract. Neoplasms, benign as well as malignant, may
cause problems in varied ways, but all are far less common
than the cachexia of malignancy.

Cancer Cachexia

Individuals with cancer commonly suffer progressive loss of
body fat and lean body mass accompanied by profound weak-
ness, anorexia, and anemia, referred to as cachexia. Unlike
starvation, the weight loss seen in cachexia results equally
from loss of fat and lean muscle. There is some correlation
between the tumor burden and the severity of the cachexia.
However, cachexia is not caused by the nutritional demands
of the tumor. In persons with cancer, the basal metabolic rate
is increased, despite reduced food intake. This is in contrast to
the lower metabolic rate that occurs as an adaptational
response in starvation. Although patients with cancer are
often anorexic, cachexia probably results from the action of
soluble factors such as cytokines produced by the tumor and

pected that TNF produced by macrophages in response o
tumor cells or by the tumor cells themselves mediates cachexia.
TNF at high concentrations may mobilize fats from tissue
stores and suppress appetite; both activities would contribute
to cachexia. Other cytokines, such as IL-1, interferon-vy, and
leukemia inhibitory factor, synergize with TNE Additionally,
other soluble factors produced by tumors, such as proteolysis-
inducing factor and a lipid-mobilizing factor, increase the
catabolism of muscle and adipose tissue.'"® These factors
reduce protein synthesis by decreasing m-RNA trapslation
and by stimulating protein catabolism through the activation
of the ATP-dependent ubiquitin-proteasome pathway. It 15
now thought that there is a balance between factors that
regulate muscle hypertrophy, such as IGE, and factors that
regulate muscle catabolism. In cachexia these homeostat}C
mechanisms are disrupted, tilting the scales toward cachectic
factors. There is currently no satisfactory treatment for cancer
cachexia other than removal of the underlying cause, the




or. However, cachexia clearly hampers effe_ctive chemo-
rapy; by reducing Fhe dosages that_can be given. Further-
ore, it has been estimated that a third of deaths of cancer

attributable to cachexia, rather than directly due to the
mor burden itself. Identification of the molecular mecha-
sms involved in cancer cachexia may allow treatment of

hexia itself.

raneoplastic Syndromes

ymptom complexes in cancer-bearing individuals that cannot
dily be explained, either by the local or distant spread of
e tumor cr by the elaboration of hormones indigenous to
the tissue from which the tumor arose, are known as paraneo-

ticsyndromes.‘“ These occur in about 10% of persons with
malignant disease. Despite their relative infrequency, paraneo-

Minical Syndromes

Major Forms of Underlying Cancer
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plastic syndromes are important to recognize, for several
reasons:

© They may represent the earliest manifestation of an
occult neoplasm.

© In affected patients they may represent significant clini-
cal problems and may even be lethal.

© They may mimic metastatic disease and therefore con-
found treatment.

A classification of paraneoplastic syndromes and their pre-
sumed origins is presented in Table 7-11. A few comments on
some of the more common and interesting syndromes
follow.

The endocrinopathies are frequently encountered paraneo-
plastic syndromes.'”” Because the cancer cells are not of

- - TABLE 7-11 Paraneoplastic Syndromes

Causal Mechanism

ENDOCRINCFATHIES
Cushing syndrome

Neural tumors
Syndromiz of inappropriate
antidiurstic hormone secretion
Hypercalcemia

Breast carcinoma
Renal carcinoma

'
"
b 2 :
Ovarian carcinoma

:  Hypoglycemia
Fibrosarcoma

|
~ Carcinoic! syndrome

Gastric carcinoma
Renal carcinoma

- Polycythemia

NERVE AND MUSCLE SYNDROMES

Myasthenia
Disorders of the central and peripheral
nervous system

Breast carcinoma

DERMAT(LOGIC DISORDERS

Gastric carcinoma
Lung carcinoma
Uterine carcinoma

Acanthosis nigricans

Dermaiomyositis

OSSEOUS, ARTICULAR, AND SOFT-TISSUE CHANGES

Hyperirophic osteoarthropathy and
clubking of the fingers

VASCUL AR AND HEMATOLOGIC CHANGES

Venous thrombosis (Trousseau
pheromenon)

Other cancers
Advanced cancers
Thymic neoplasms

Nonbacterial thrombotic endocarditis
Red csil aplasia

OTHERS

Hephloti drome i
n Variou ancers
C sy S C

Small-cell carcinoma of lung
Pancreatic carcinoma

Small-cell carcinoma of lung;
intracranial neoplasms
Squamous cell carcinoma of lung

Bronchogenic carcinoma

Bronchogenic, breast carcinoma

Bronchogenic carcinoma

Pancreatic carcinoma
Bronchogenic carcinoma

ACTH or ACTH-like substance

Antidiuretic hormone or atrial natriuretic
hormones

Parathyroid hormone-related protein (PTHRP),
TGF-o, TNF, IL-1

Adult T-cell leukemia/lymphoma

Insulin or insulin-like substance

Other mesenchymal sarcomas
Hepatocellular carcinoma
Bronchial adenoma (carcinoid)
Pancreatic carcinoma

Serotonin, bradykinin

Erythropoietin

Cerebellar hemangioma
Hepatocellular carcinoma

Immunological

Immunological; secretion of epidermal growth
factor

Immunological

Unknown

Tumor products (mucins that activate clotting)

Hypercoagulability
Unknown

Tumor antigens, immune complexes

ACTH, adrenocorticotropic hormone; IL, interleukin; TGF, transforming growth factor; TNF, tumor necrosis factor.



R A\
I_-‘"\Ml.\?‘"\"f .

322 CHAPTER 7 Neoplasia

endocrine origin, the functional activity is referred to as ectopic
hormone production. Cushing syndrome is the most common
endocrinopathy. Approximately 50% of individuals with this
endocrinopathy have carcinoma of the lung, chiefly the small-
cell type. It is caused by excessive production of corticotropin
or corticotropin-like peptides. The precursor of corticotropin
is a large molecule known as pro-opiomelanocortin. Lung
cancer patients with Cushing syndrome have elevated serum
levels of pro-opiomelanocortin and of corticotropin. The
former is not found in serum of patients with excess cortico-
tropin produced by the pituitary.

Hypercalcemia is probably the most common paraneoplas-
tic syndrome; overtly symptomatic hypercalcemia is most
often related to some form of cancer rather than to hyperpara-
thyroidism. Two general processes are involved in cancer-asso-
ciated hypercalcemia: (1) osteolysis induced by cancer, whether
primary in bone, such as multiple myeloma, or metastatic to
bone from any primary lesion, and (2) the production of cal-
cemic humoral substances by extraosseous neoplasms. Hyper-
calcemia due to skeletal metastases is not a paraneoplastic
syndrome.

Several humoral factors have been associated with paraneo-
plastic hypercalcemia of malignancy. The most important,
parathyroid hormone-related protein (PTHRP), is a molecule
related to, but distinct from, parathyroid hormone (PTH).
PTHRP resembles the native hormone only in its N termi-
nus."™ It has some biologic actions similar to those of PTH,
and both hormones share a G protein—coupled receptor,
known as PTH/PTHRP receptor (often referred to as PTH-R
or PTHRP-R). In contrast to PTH, PTHRP is produced in
small amounts by many normal tissues, including keratino-
cytes, muscles, bone, and ovary. It regulates calcium transport
in the lactating breast and across the placenta, and seems to
regulate development and remodeling in the lung. Tumors
most often associated with paraneoplastic hypercalcemia are
carcinomas of the breast, lung, kidney, and ovary. In breast
cancers, PTHRP production is associated with osteolytic bone
disease, bone metastasis, and humoral hypercalcemia. The
most common lung neoplasm associated with hypercalcemia
is squamous cell bronchogenic carcinoma. In’ addition to
PTHREP, several other factors, such as IL-1, TGF-c, TNF, and
dihydroxyvitamin D, have also been implicated in causing the
hypercalcemia of malignancy.

The neuromyopathic paraneoplastic syndromes take diverse
forms, such as peripheral neuropathies, cortical cerebellar
degeneration, a polymyopathy resembling polymyositis, and a
myasthenic syndrome similar to myasthenia gravis (Chapter
27). The cause of these syndromes is poorly understood. In
some cases, antibodies, presumably induced against tumor cell
antigens (Chapter 28) that cross-react with neuronal cell anti-
gens, have been detected. It is postulated that some neural
antigens are ectopically expressed by visceral cancers. For
some unknown reason, the immune system recognizes these
antigens as foreign and mounts an immune response.

Acanthosis nigricans is characterized by gray-black patches
of verrucous hyperkeratosis on the skin. This disorder occurs
rarely as a genetically determined disease in juveniles or adults
(Chapter 25). In addition, in about 50% of the cases, particu-
larly in those over age 40, the appearance of such lesjons is
associated with some form of cancer. Sometimes the skin
changes appear before discovery of the cancer.

Hypertrophic osteoarthropathy is encountered in 1% to 10
of patients with bronchogenic carcinomas. Rarely, other foy,
of cancer are involved. This disorder is characterized by (1
periosteal new bone formation, primarily at the distal ends of
long bones, metatarsals, metacarpals, and proximal phalan
(2) arthritis of the adjacent joints; and (3) clubbing of
digits. Although the osteoarthropathy is seldom seen in nop.
cancer patients, clubbing of the fingertips may be encountereg
in liver diseases, diffuse lung disease, congenital cyanotic heay
disease, ulcerative colitis, and other disorders. The cause of
hypertrophic osteoarthropathy is unknown.

Several vascular and hematologic manifestations may appegy
in association with a variety of forms of cancer. As mentioneg
in the discussion of thrombosis (Chapter 4), migratory throm.
bophlebitis (Trousseau syndrome) may be encountered j
association with deep-seated cancers, most often carcinomag
of the pancreas or lung. Disseminated intravascular coagula-
tion may complicate a diversity of clinical disorders (Chapter
14). Acute disseminated intravascular coagulation is mogt
commonly associated with acute promyelocytic leukemia ang
prostatic adenocarcinoma. Bland, small, nonbacterial fibrig.
ous vegetations sometimes form on the cardiac valve leaflets
(more often on left-sided valves), particularly in individualg
with advanced mucin-secreting adenocarcinomas. These
lesions, called nonbacterial thrombotic endocarditis, are
described further in Chapter 12. The vegetations are potential
sources of emboli that can further complicate the course of
cancer.

GRADING AND STAGING OF TUMORS

Methods to quantify the probable clinical aggressiveness ofa
given neoplasm and its apparent extent and spread in the
individual patient are necessary for making an accurate prog-
nosis and for comparing end results of various treatment pro-
tocols. For instance, the results of treating well-differentiated
thyroid adenocarcinoma that is localized to the thyroid gland
will be different from those obtained from treating highly
anaplastic thyroid cancers that have invaded the neck organs.
Systems have been developed to express, at least in semiquan-
titative terms, the leve] of differentiation, or grade, and extent
of spread of a cancer within the patient, or stage, as parameters
of the clinical gravity of the disease.

Grading of a cancer is based on the degree of differentiation
of the tumor cells and, in some cancers, the number of mitoses
or architectural features. Grading schemes have evolved for
each type of malignancy, and generally range from two catego-
ries (low grade and high grade) to four categories. Criteria for
the individual grades vary with each form of neoplasia and s0
are not detailed here, but all attempt, in essence, to judge the
extent to which the tumor cells resemble or fail to resembl'e
their normal counterparts. Although histologic grading 15
useful, the correlation between histologic appearance and bio-
logic behavior is less than perfect. In recognition of this
problem and to avoid spurious quantification, it is common
practice to characterize a particular neoplasm in descriptive
terms, for example, well-differentiated, mucin-secreting ade-
nocarcinoma of the stomach, or poorly differentiated pancre-
atic adenocarcinoma. In general, with a few exceptions, such
as soft-tissue sarcomas, grading of cancers has proved of less
clinical value than has staging.

R,




ing of cancers is based on the size of the primary
tent of spread to regional lymph nodes, and the pres-
ace or absence of blood-borne metastases. The major staging
1 Em currenily in use is the American ]ant Commlttee on
ncer Staging. This system uses a class1ﬁcat10p called the
M system—T for primary tumor, N for regional lymph
ode involvement, and M for metastases. The TNM staging
Jries for each specific .form. of cancer, but the.re are general
srinciples. With increasing size the prunary_les1pn is .charac—
terized as T1 to T4. TO is used to indicate an in situ lesion. NO
ould mean no nodal involvement, whereas N1 to N3 would
denote involvement of an increasing number and range of
_odes. MO signifies no distant metastases, whereas M1 or
cometimes M2 indicates the presence of metastases and some
udgment as to their number.

The stag
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ABORATORY DIAGNOSIS OF CANCER

] . .
fvery year the approach to laboratory diagnosis of cancer

‘becomes more complex, more sophisticated, and more spe-
cialized. For virtually every neoplasm mentioned in this text,
the experts have characterized several subcategories; we must
valk, however, before we can run. Each of the following sec-
ions attempts to present the state of the art, avoiding details
of method.

Histologic and Cytologic Methods. The laboratory diag-
osis of cancer is, in most instances, not difficult. The two
ends of the benign-malignant spectrum pose no problems;
“however, in the middle lies a gray zone that the novices dread
nd where experts tread cautiously. The focus here is on the
roles of the clinician (often a surgeon) and the pathologist in
facilitating the correct diagnosis.

Clinical data are invaluable for optimal pathologic diagno-
sis, but often clinicians underestimate its value. Radiation
changes in the skin or mucosa can be similar to those associ-
ated with cancer. Sections taken from a healing fracture can
“mimic an osteosarcoma. Moreover, the laboratory evaluation
‘ofalesion can be only as good as the specimen made available
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T;EUHE 7 A normal cervicovaginal smear shows large, flat-
‘apeed Squamous cells and groups of metaplastic cells; inter-
Persed are some neutrophils. There are no malignant cells.

(C?:"ts:&)’ of Dr. PK. Gupta, University of Pennsylvania, Philadel-
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for examination. It must be adequate, representative, and
properly preserved. Several sampling approaches are available:
(1) excision or biopsy, (2) needle aspiration, and (3) cytologic
smears. When excision of a small lesion is not possible, selec-
tion of an appropriate site for biopsy of a large mass requires
awareness that the periphery may not be representative and
the center largely necrotic. Appropriate preservation of the
specimen is obvious, yet it involves such actions as prompt
immersion in a usual fixative (commonly formalin solution,
but other fluids can be used), preservation of a portion in a
special fixative (e.g., glutaraldehyde) for electron microscopy;,
or prompt refrigeration to permit optimal hormone, receptor,
or other types of molecular analysis. Requesting “quick-frozen
section” diagnosis is sometimes desirable, for example, in
determining the nature of a mass lesion or in evaluating the
margins of an excised cancer to ascertain that the entire neo-
plasm has been removed. This method permits histologic
evaluation within minutes. In experienced, competent hands,
frozen-section diagnosis is highly accurate, but there are par-
ticular instances in which the better histologic detail provided
by the more time-consuming routine methods is needed—for
example, when extremely radical surgery, such as the amputa-
tion of an extremity, may be indicated. Better to wait a day or
two despite the drawbacks, than to perform inadequate or
unnecessary surgery.

Fine-needle aspiration of tumors is another approach that is
widely used. The procedure involves aspirating cells and atten-
dant fluid with a small-bore needle, followed by cytologic
examination of the stained smear. This method is used most
commonly for the assessment of readily palpable lesions in
sites such as the breast, thyroid, and lymph nodes. Modern
imaging techniques permit extension of the method to lesions
in deep-seated structures, such as pelvic lymph nodes and
pancreas. Fine-needle aspiration is less invasive and more
rapidly performed than are needle biopsies. It obviates surgery
and its attendant risks. Although it entails some difficulties,
such as small sample size and sampling errors, in experienced
hands it is extremely reliable, rapid, and useful.
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FIGURE 7-48  An abnormal cervicovaginal smear shows numer-
ous malignant cells that have pleomorphic, hyperchromatic
nuclei; interspersed are some normal polymorphonuclear leuko-
cytes. (Courtesy of Dr. PK. Gupta, University of Pennsylvania,
Philadelphia, PA.)
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Cytologic (Pap) smears provide yet another method for the
detection of cancer (Chapter 22). This approach is widely used
to screen for carcinoma of the cervix, often at an in sity stage,
but it is also used with many other forms of suspected malig-
nancy, such as endometrial carcinoma, bronchogenic carci-
noma, bladder and prostatic tumors, and gastric carcinomas;
for the identification of tumor cells in abdominal, pleural,
joint, and cerebrospinal fluids; and, less commonly, with other
forms of neoplasia.

As pointed out earlier, cancer cells have lowered cohesive-
ness and exhibit a range of morphologic changes encompassed
by the term anaplasia. Thus, shed cells can be evaluated for
the features of anaplasia indicative of their origin from a
tumor (Figs. 747 and 7—48). In contrast to the histologist’s
task, judgment here must be rendered based on the features
of individual cells or, at most, a clump of cells, without the
supporting evidence of loss of orientation of one cell to
another, and (most importantly) evidence of invasion. This
method permits differentiation among normal, dysplastic,
and malignant cells and, in addition, permits the recognition
of cellular changes characteristic of carcinoma in situ. The
gratifying control of cervical cancer is the best testament to
the value of the cytologic method.

Although histology and exfoliative cytology remain the
most commonly used methods in the diagnosis of cancer, new
techniques are being constantly added to the tools of the surgi-
cal pathologist. Some, such as immunohistochemistry, are
already well established and widely used; others, including
molecular methods, are rapidly finding their way into the
“routine” category. Only some highlights of these diagnostic
modalities are presented.

Immunohistochemistry. The availability of specific anti-
bodies has greatly facilitated the identification of cell products
or surface markers. Some examples of the utility of immuno-
histochemistry in the diagnosis or management of malignant
neoplasms follow.

© Categorization of undifferentiated malignant tumors: In
many cases malignant tumors of diverse origin resemble
each other because of limited differentiation. These tumors
are often quite difficult to distinguish on the basis of routine
hematoxylin and eosin (H&E)-stained tissue sections.
For example, certain anaplastic carcinomas, lymphomas,
melanomas, and sarcomas may look quite similar, but
they must be accurately identified because their treatment
and prognosis are different. Antibodjes specific to intermedi-
ate filaments have proved to be of particular value in such
cases, because solid tumor cells often contain intermediate
filaments characteristic of their cell of origin. For example,
the presence of cytokeratins, detected by immunohistochem-
istry, points to an epithelial origin (carcinoma) (Fig. 7-49),
whereas desmin is specific for neoplasms of muscle cell
origin.

© Determination of site of origin of metastatic tumors: Many
cancer patients present with metastases. In some the
primary site is obvious or readily detected on the basis of
clinical or radiologic features. In cases in which the origin
of the tumor is obscure, immunohistochemical detection
of tissue-specific or organ-specific antigens in a biopsy
specimen of the metastatic deposit can lead to the identifi-
cation of the tumor source. For example, prostate-specific

antigen (PSA) and thyroglobulin are markers of Carcing
mas of the prostate and thyroid, respectively.

O Detection of molecules that have prognostic or therapeys
significance: Immunohistochemical detection of hormg
(estrogen/progesterone) receptors in breast cancer cellg;
of prognostic and therapeutic value because these cance
are susceptible to anti-estrogen therapy (Chapter 23),
general, receptor-positive breast cancers have a better prog
nosis. Protein products of oncogenes such as ERBB ;
breast cancers can also be detected by immunostainjy
Breast cancers with overexpression of ERBB2 protein ge
erally have a poor prognosis. In general practice, the ovep.
expression of ERBB2 is confirmed by fluorescent in sity
hybridization (FISH) to confirm amplification of the
genomic region containing the ERBB2 gene.

Flow Cytometry. Flow Cytometry can rapidly and quangj.
tatively measure several individual cell characteristics, such a5
membrane antigens and the DNA content of tumor cells. Flow
cytometry has also proved useful in the identification and clas-
sification of tumors arising from T and B lymphocytes ang
from mononuclear-phagocytic cells. Monoclonal antibodies
directed against various lymphohematopoietic cells are listed
in Chapter 13.

Molecular Diagnosis. Several molecular techniques—
some established, others emerging—have been used for diag-
nosis and, in some cases, for predicting behavior of tumors,

© Diagnosis of malignant neoplasms: Although molecular
methods are not the primary modality of cancer diagnosis,
they are of considerable value in selected cases. Molecular
techniques are useful in differentiating benign (polyclonal)
proliferations of T or B cells from malignant (monoclonal)
proliferations. Because each T and B cell has unique rear-
rangements of its antigen receptor genes (Chapter 6), PCR-
based detection of T-cell receptor or immunoglobulin
genes allows distinction between monoclonal (neoplastic)
and polyclonal (reactive) proliferations. Many hematopoi-
etic neoplasms (leukemias and lymphomas) are associated
with specific translocations that activate oncogenes. Detec-
tion of such translocations, usually by routine cytogenetic
analysis or by FISH technique (Chapter 5),is often extremely

FIGURE 7-49 Anti-cytokeratin immunoperoxidase stain of a
tumor of epithelial origin (carcinoma). (Courtesy of Dr. Melissa
Upton, University of Washington, Seattle, WA.)
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n diagnosis.'® In some cases, molecular techniques,
.uch as PCR, can detect residual disease in cases that appear
k. ative by conventional analysis. Diagnosis of sarcomas
?é%apter 26) with characteristic translocations is also aided
by molecular techmques, becaqse chrorno_some prepara-
tions are often difficult to obtalp from solid tumors. For
example, many sarcomas of childhood, so-called round
blue cell tumors (Chapter 1(_)), can be difficult to distinguish
from each other on the b331§ of morphology. However, the
presence of the characterls‘Flc [t(11;22)(q24;q12)] translo-
cation, established by PCR, in one of these tumors confirms
the diagnosis of Ewing sarcoma.'*® A molecular cytogenetic
technique called spectral karyotyping has great sensitivity
and allows the examination of all chromosomes in a single
experiment.”‘ This technique, which is based on 24-color
chromosomal painting with a mixture of fluorochromes,
can detect all types of chromosomal rearrangements in
tumor cells, even small, cryptic translocations and inser-
tions (Chapter 5; see Fig. 5-35). It can also detect the origin
of unidentified chromosomes, called marker chromosomes,
seen in many hematopoietic malignancies. Another avail-
able technique is comparative genomic hybridization, now
more conveniently converted to microarray format, which
allows the analysis of chromosomal gains and losses in
tumor cells. The use of DNA microarrays (discussed later),
either tiling arrays, which cover the entire human genome,
or single-nucleotide polymorphism arrays (SNP chips),
also allows analysis of genomic amplifications and dele-
tions at very high resolution.

Prognosis of malignant neoplasms: Certain genetic altera-
tions are associated with poor prognosis, and hence their
detection allows stratification of patients for therapy. For
example, amplification of the N-MYC gene and deletions
of 1p bode poorly for patients with neuroblastoma, while
amplification of HER-2/NEU in breast cancer is an indica-
tion that therapy with antibodies against the ERBB2 recep-
tor may be effective. These can be detected by routine
cytogenetics and also by FISH or PCR assays. Oligodendro-
gliomas in which the only genomic abnormality is the loss
of chremosomes 1p and 19q respond well to therapy and
are associated with long-term survival when compared to
tumors with intact 1p and 19q but with EGF receptor
amplification.'* :

Detection of minimal residual disease: After treatment of
patients with leukemia or lymphoma, the presence of
minimal disease or the onset of relapse can be monitored
by PCR-based amplification of nucleic acid sequences
unique to the malignant clone. For example, detection of
BCR-ABL transcripts by PCR gives a measure of the resid-
ual leukemia cells in treated patients with CML. Similarly,
detection of specific KRAS mutations in stool samples of
persons previously treated for colon cancer can alert the
clinician to the possible recurrence of the tumor. The prog-
Nostic importance of minimal disease has been established
In acute lymphoblastic leukemia, and is being evaluated in
other neoplasms.

Diagnosis of hereditary predisposition to cancer: As was dis-
cussed earlier, germ-line mutations in several tumor sup-
Pressor genes, including BRCA1, BRCA2, and the RET
Proto-oncogene, are associated with a high risk of develop-
Ing specific cancers. Thus, detection of these mutated alleles

-
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may allow the patient and physician to devise an aggressive
screening program, consider the option of prophylactic
surgery, and counseling of relatives at risk. Such analysis
usually requires detection of a specific mutation (e.g., RET
gene) or sequencing of the entire gene. The latter is neces-
sitated when several different cancer-associated mutations
are known to exist. Although the detection of mutations in
such cases is relatively straightforward, the ethical issues
surrounding such presymptomatic diagnosis are complex.

Molecular Profiles of Tumors

Until recently, studies of gene expression in tumors involved
the analysis of individual genes. These studies have been revo-
lutionized by the introduction of methods that can measure
the expression of essentially all the genes in the genome simul-
taneously."”»" The most common method for large-scale
analysis of gene expression in use today is based on DNA
microarray technology. There are essentially two methods for
expression analysis. Either PCR products from cloned genes
or oligonucleotides homologous to genes of interest are
spotted onto a glass slide. Each method has its advantages
and disadvantages. Chips can be purchased from commercial
suppliers or produced on the premises, and high-density oli-
gonucleotide arrays can contain more than 2 million elements.
The gene chip is then hybridized to “probes” prepared from
tumor and control samples (the probes are usually comple-
mentary DNA copies of RNAs extracted from tumor and
uninvolved tissues) that have been labeled with a fluoro-
chrome. After hybridization the chip is read using a laser
scanner (Fig. 7-50); sophisticated software has been devel-
oped to measure the intensity of the fluorescence for each
spot. A variety of analyses can then be performed with these
data; one of the most useful for cancer research has been
hierarchical clustering, which can be used in many ways to
understand the molecular heterogeneity and biologic behav-
ior of cancer. One can determine the expression profiles of
many different individual tumors that have different out-
comes, for example, breast cancers that relapsed and those that
did not. Using a hierarchical clustering, a (hopefully) short list
of genes that are differentially expressed in these two groups
can be generated. This “signature” may then be used to predict
the behavior of tumors. In this way it is hoped that gene
expression profiles will improve our ability to stratify patients’
risk and guide treatment beyond the limits of histology and
pathologic staging. Indeed, analysis of phenotypically identi-
cal large B-cell lymphomas (Chapter 13) from different indi-
viduals shows that these tumors are heterogeneous with
respect to their gene expression profiles. Importantly, gene
expression signatures have been identified that allow segrega-
tion of morphologically similar lymphomas into distinct sub-
categories with markedly different survival rates.'”

A major problem in the analysis of gene expression in
tumors is the heterogeneity of the tissue. In addition to the
heterogeneity of the tumor cells, samples may contain variable
amounts of stromal connective tissue, inflammatory infil-
trates, and normal tissue cells. One way to overcome this
problem is to obtain nearly pure tumor cells or small tumors
free from associated stroma using laser capture microdissection.
In this technique, the dissection of tumor cells is made under
a microscope through a focused laser. The dissected material
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FIGURE 7-50 Steps required for the analysis of global gene
expression by DNA microarray. RNA is extracted from tumor and
normal tissue. Complementary DNA (cDNA) synthesized from
each preparation is labeled with fluorescent dyes {in the example
shown, normal tissue cDNA is labeled with a green dye; tumor
cDNA is labeled with a red dye). The array consists of a solid
support in which DNA fragments from many thousands of genes
are spotted. The labeled cDNAs from tumor and normal tissue
are combined and hybridized to the genes contained in the array.
Hybridization signals are detected using a confocal laser scanner
and downloaded to a computer for analysis (red squares, expres-
sion of the gene is higher in tumor; green squares, expression of
the gene is higher in normal tissue; black squares, no difference
in the expression of the gene between tumor and normal tissue).
In the display the horizontal rows correspond to each gene con-
tained in the array; each vertical row corresponds to single
samples.

is then captured or “catapulted” into a small cap and processed
for RNA and DNA isolation.

The applications of molecular profiling technology keep
expanding and being refined, but much has already been
accomplished. The work that has received the most publicity
involves gene expression profiling of breast cancers. In addi-
tion to identifying new subtypes of breast cancers, a 70-gene
prognosis signature has been established.' It has been
reported that the signature is a powerful predictor of disease
prognosis for young patients and is particularly accurate for
predicting metastasis during the first 5 years after diagnosis.

Prognosis determined by gene expression profile correlag
highly with histologic grade and estrogen receptor statug
not with lymphatic spread of the tumor. A smaller pane] of 3
genes is currently being used to assess the risk or recurre
and likely benefit of chemotherapy in a subset of breast Cange
patients.'”’

The development of new microarray platforms and ney.
technologies, such as high-throughput sequencing, make thy:
methodical categorization of all the genomic changes pregep
in a cancer cell a realistic possibility. Array-based Comparatiye
genomic hybridization can be used to look for alterationg i
genomic structure, such as amplifications and deletions, Thes
changes can then be correlated to changes in gene eXpressiop
So-called single nucleotide polymorphism (SNP) chips, which
include SNPs that span the entire genome, have been used
genome-wide linkage analysis (Chapter 5) and associati
studies to identify genes associated with increased risk of
cancer.”**® Arrays tiled across the entire genome can be useg
to look for novel transcripts, novel promoters, and novel splice
variants. These tiling arrays can also be used to identify epj.
genetic events, such as DNA methylation, and, when com.
bined with a technique called chromatin immunoprecipitatig
can map the genomic site of chromatin marks, as well g
genomic binding sites of transcription factors. High-through-
put resequencing methods, which can generate hundreds of
millions to billions of base pairs in a single run, may allow
identification of unknown fusion gene products, as well as
efficient resequencing of entire cancer genomes.?”!

Next on the horizon of molecular techniques for the global
analysis of cancers is proteomics, a technique used to obtain
profiles of proteins contained in tissues, serum, or other body
fluids. Indeed, with the realization that mRNA levels are regu-
lated post-transcriptionally, it is not clear how closely the
levels of proteins, the molecules that execute cellular Processes,
actually correlate with mRNA levels. Technologies to achieve
global protein measurements, such as mass spectroscopy and
antibody arrays, are currently being developed.

The excitement created by the development of new tech-
niques for the global molecular analysis of tumors has led
some scientists to predict that the end of histopathology is in
sight, and to consider existing approaches to tumor diagnosis
as the equivalent of magical methods of divination. Indeed, it
is hard to escape the excitement generated by the development
of entirely new and powerful methods of molecular analysis.
However, what lies ahead is not the replacement of one set of
techniques by another. On the contrary, the most accurate
diagnosis and prognosis of cancer will be arrived at by a com-
bination of morphologic and molecular techniques.

Tumor Markers

Biochemical assays for tumor-associated enzymes, hormones
and other tumor markers in the blood cannot be used for
definitive diagnosis of cancer; however, they contribute to the
detection of cancer and in some instances are useful in deter
mining the effectiveness of therapy or the appearance of @
recurrence.

A host of tumor markers have been described, and new
ones are identified every year. Only a few have stood the
test of time and proved to have clinical usefulness.




gpic hormones
OFETAL ANTIGENS

_Fetoprotein _
arcinoembryonic antigen

ostatic acid phosphatase
leuron-specific enolase

SECIFIC PROTEINS

mmunoglobulins
rostate-specific antigen and prostate-specific membrane

NEW MOLECULAR MARKERS

p53, APC, RAS mutants in stool and serum
p53 and RAS mutants in stool and serum
p53 and RAS mutants in sputum and serum
mutants in urine
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. ' TABLE 7-12 Selected Tumor Markers

Trophoblastic tumors, nonseminomatous testicular tumors
Medullary carcinoma of thyroid

Pheochromocytoma and related tumors

See “Paraneoplastic Syndromes” (Table 7-11)

Liver cell cancer, nonseminomatous germ cell tumors of testis
Carcinomas of the colon, pancreas, lung, stomach, and heart

Prostate cancer
Small-cell cancer of lung, neuroblastoma

Multiple myeloma and other gammopathies
Prostate cancer

Ovarian cancer
Colon cancer, pancreatic cancer
Breast cancer

Colon cancer
Pancreatic cancer
Lung cancer
Bladder cancer

The application of several markers, listed in Table 7-12, is
considered in the discussion of specific forms of neoplasia in
er chapters, so only a few widely used examples suffice
nere. PSA, used to screen for prostatic adenocarcinoma, may
e one of the most used, and most successful, tumor markers
in clinical practice.”” Prostatic carcinoma can be suspected
vhen elevated levels of PSA are found in the blood. However,
PSA screening also highlights problems encountered with vir-
tually every tumor marker. Although PSA levels are often ele-
vated in cancer, PSA levels also may be elevated in benign
prostatic hyperplasia (Chapter 18). Furthermore, there is no
SA level that ensures that a person does not have prostate
cancer. Thus, the PSA test suffers from both low sensitivity and
low specificity. Other tumor markers occasionally used in clini-
al practice include CEA, which is elaborated by carcinomas
of the colon, pancreas, stomach, and breast, and AFP, which is
Produced by hepatocellular carcinomas, yolk sac remnants in
he gonads, and occasionally teratocarcinomas and embryonal
ll carcinomas. Unfortunately, like PSA, both of these markers
an be produced by a variety of non-neoplastic conditions as
Well. Thus, as with PSA levels, CEA and AFP assays lack both
Pecificity and sensitivity required for the early detection of
ancers. They are still useful in the detection of recurrences
€I excision. With successful resection of the tumor, these
3 rl<ers'disappear from the serum; their reappearance almost
“Ways signifies the beginning of the end.

Ot}}ef widely used markers include human chorionic gonad-
2ropin for testicular tumors, CA-125 for ovarian tumors, and
unoglobulins in multiple myeloma and other secretory
Ma cell tumors. The development of tests to detect cancer

markers in blood and body fluids is an active area of research.
Some of the markers being evaluated include the detection of
mutated APC, p53, and RAS in the stool of individuals with
colorectal carcinomas; the presence of mutated p53 and of
hypermethylated genes in the sputum of persons with lung
cancer and in the saliva of persons with head and neck cancers;
and the detection of mutated p53 in the urine of patients with
bladder cancer.
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