
A genetic basis for the development of cancer has
been hypothesized for roughly a century, and sup-
port for this proposal has been provided by famil-
ial, epidemiologic, and cytogenetic studies. Never-
theless, only in the past 25 years has there been
definitive evidence that cancer is a genetic disease.
A current view is that cancers arise through a mul-
tistage process in which inherited and somatic
mutations of cellular genes lead to clonal selection
of variant progeny with the most robust and
aggressive growth properties. Two classes of
genes, protooncogenes and tumor-suppressor
genes, are targets for the mutations. The vast
majority of the mutations that contribute to the
development and behavior of cancer cells are
somatic (ie, arising during tumor development)
and present only in the neoplastic cells of the
patient. Although only a small fraction of all muta-
tions in cancer cells are constitutional and thus pre-
sent in all somatic cells of affected individuals,
such mutations not only predispose to cancer, but
can also be passed on to future generations.

The identification and function of protoonco-
genes and their oncogenic variants are reviewed
in other chapters in this book. However, we
briefly mention their general properties in an
effort to compare them with tumor-suppressor
genes. More than 50 different protooncogenes
have been identified through various experimen-
tal strategies. In general, protooncogenes have
critical roles in a variety of growth regulatory
pathways, and their protein products are dis-
tributed throughout many subcellular compart-
ments. The oncogenic variant alleles present in
cancers have sustained gain-of-function alter-
ations resulting from point mutations, chromoso-
mal rearrangements, or gene amplifications of
the protooncogene sequences. In the overwhelm-
ing majority of cancers, mutations in protoonco-
genes arise somatically in the tumor cells,
although germ line mutations activating the func-
tion of the RET gene have been identified in those
with multiple endocrine neoplasia type 2 and in
familial medullary thyroid cancer. In analogous
fashion, germ line mutations in the MET gene
have been found in affected members of families
with hereditary papillary renal cell carcinoma.

Whereas oncogenic alleles harbor activating
mutations, tumor-suppressor genes are defined
by their inactivation in human cancer. As is
reviewed below, a large number of tumor-
suppressor genes have been hypothesized to
exist. Thus far, approximately 20 tumor-suppres-

sor genes have been identified and definitively
implicated in cancer development. Like pro-
tooncogenes, the cellular functions of the tumor-
suppressor genes appear to be diverse. A sub-
group of tumor-suppressor genes deserves
further mention here, namely, the deoxyribonu-
cleic acid (DNA) repair-pathway genes. DNA
repair pathway gene defects recently have been
implicated in a fairly broad spectrum of human
cancers. Like other tumor-suppressor genes, the
DNA repair genes are inactivated in human can-
cers. However, because of their cellular function,
it might be argued that they constitute a unique
subset of the tumor-suppressor genes. Specifi-
cally, whereas protein products of many tumor-
suppressor genes are likely to be directly
involved in growth inhibition or differentiation,
many DNA repair pathway proteins, such as
those involved in recognizing DNA mismatches,
have a more passive role in cell growth regula-
tion. As such, their inactivation in tumor cells
results in an increased rate of mutations in other
cellular genes, including protooncogenes and
other tumor-suppressor genes.

Enormous progress has been made in the
identification of inherited and somatic mutations
in tumor-suppressor genes in human cancer, as
well as in defining the means by which loss-of-
function mutations in these genes contribute to
the development of cancer. It is not possible to
summarize all of these findings here. Rather, the
principal aims of this chapter are to review the
somatic cell genetic and epidemiologic studies
that established the existence of tumor-suppres-
sor genes; the identification and cloning of a few
tumor-suppressor genes, such as the retinoblas-
toma and p53 genes and a few other genes;
selected studies of the function of tumor-
suppressor genes in growth regulation and dif-
ferentiation; and the role of DNA mismatch
repair gene mutations in common human 
cancers.

GENETIC BASIS FOR TUMOR 
DEVELOPMENT

That cancer in man and other animals might be
inherited has been appreciated for more than a
century. In 1866, Broca described a family in
which many members developed breast or liver
cancer, and he proposed that an inherited abnor-
mality within the affected tissue allowed tumor
development.1 Following the rediscovery of
Mendel’s work, studies of the rates of sponta-

neous mammary tumor formation among vari-
ous inbred strains of mice led Haaland to argue
that tumorigenesis could behave in a formal
sense as a mendelian genetic trait.2 Similarly,
Warthin’s analysis of the pedigrees of cancer
patients at the University of Michigan Hospital
between 1895 and 1913 identified four multi-
generational families with susceptibilities to
specific cancer types that appeared to be trans-
mitted as autosomal dominant mendelian traits
(Figure 7-1).3 Although these and other studies
suggested the existence of an inherited genetic
basis for some cancers, other explanations for
familial clustering were possible (eg, shared
exposure to a carcinogenic agent in the environ-
ment or diet). Furthermore, it was argued that
most cancers in humans appeared to arise as
sporadic, isolated cases.

A role for somatic mutations in the develop-
ment of cancer was first proposed by Boveri,
who noted that in sea urchin eggs fertilized by
two sperm, abnormal mitotic divisions leading
to the loss of chromosomes occurred in daugh-
ter cells, and atypical tissue masses could be
seen in the resulting gastrula.4 He believed these
abnormal tissues appeared physically similar to
the poorly differentiated tissue masses seen in
tumors, and hypothesized that cancer arose from
a cellular aberration producing abnormal
mitotic figures. Boveri’s hypothesis apparently
did not gain favor at the time, initially because
of the lack of direct experimental support from
studies of the karyotypes of animal and human
tumors and later because of uncertainty about
whether the changes in chromosome number in
tumors were a cause or an effect of the neoplas-
tic phenotype.

A landmark observation in the search to iden-
tify a genetic basis for cancer was reported by
Rous in 1911, when he showed that sarcomas
could be reproducibly induced in chickens by
cell-free filtrates of a sarcoma that had previ-
ously arisen in another chicken.5 Although this
observation provided strong evidence that neo-
plasms could be virally induced, the observation
also provided support for the view that cancer
could be attributed to discrete genetic elements.
Sixty years after Rous’ initial report, the onco-
genic region of the Rous sarcoma virus was iden-
tified. Further characterization and cloning of
the transforming sequences demonstrated that
the oncogenicity of the virus was dependent on
v-src, a transduced and mutated copy of the c-src
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cellular protooncogene. Subsequently, all onco-
genes of acutely transforming ribonucleic acid
(RNA) tumor viruses have been found to be
transduced cellular genes (the protooncogenes).
Although the biochemical mechanisms by which
most viral oncogenes cause neoplastic transfor-
mation are still not fully defined at present in
general terms, the viral oncogenes appear to
cause transformation because they are mutated
versions of cellular protooncogenes and/or are
expressed aberrantly. In human cancers, somatic
mutations generate oncogenic alleles from pro-
tooncogenes.

Despite the significance of oncogenes in the
genesis of many different human tumor types,
many of the altered properties of cancer cells
appear to be attributable to the inactivation of
normal cellular genes. These cellular genes,
hypothesized to regulate cellular proliferation
and growth in a negative fashion, have been
termed tumor-suppressor genes.

SOMATIC CELL GENETIC STUDIES OF
TUMORIGENESIS

Several oncogenes, particularly those in RNA
tumor viruses, were identified and molecularly
cloned through their ability to induce neoplastic

growth properties upon their introduction into
appropriate recipient cells. In contrast, essen-
tially all of the initial evidence supporting the
existence of tumor-suppressor genes was
derived indirectly prior to the identification and
molecular cloning of any tumor-suppressor
genes. A difficulty in using functional
approaches to identify tumor-suppressor genes
is that the genes would be expected to suppress
key traits of cancer cells, such as their uncon-
trolled proliferation, unlimited life span, and
tumorigenicity in animals. As might have been
predicted, selection methods for directly identi-
fying suppressed cells in a background of fully
transformed cells have proven elusive. Despite
the theoretical and practical difficulties inher-
ent in functional approaches to define tumor-
suppressor genes, such studies do provide
strong, albeit indirect, support for the existence
of these genes.

The studies of Ephrussi et al6 and Harris7

provided compelling evidence that the ability
of cells to form a tumor behaves as a recessive
trait at the cellular level. They observed that the
growth of murine tumor cells in syngeneic ani-
mals could be suppressed when the malignant
cells were fused to nonmalignant cells,

although reversion to tumorigenicity often
occurred when the hybrids were propagated for
extended periods in culture. The reappearance
of malignancy was found to be associated with
specific chromosome losses. Their interpreta-
tion, that malignancy can be suppressed in
somatic cell hybrids, was subsequently sup-
ported by additional studies of mouse, rat, and
hamster intraspecies somatic cell hybrids, as
well as interspecies hybrids between rodent
tumor cells and normal human cells.8,9 The
karyotypic instability of the rodent–human
hybrids, however, complicated the analysis of
the human chromosomes involved in the sup-
pression process. Stanbridge and his col-
leagues overcame this problem by studying
hybrids made by fusing human tumor cell lines
to normal, diploid human fibroblasts.10,11

Their analysis confirmed that hybrids retaining
both sets of parental chromosomes were sup-
pressed, with tumorigenic variants arising only
rarely after chromosome losses in the hybrids.
Moreover, it was demonstrated that the loss of
specific chromosomes, and not simply chro-
mosome loss in general, correlated with the
reversion to tumorigenicity. Tumorigenicity
could be suppressed even if activated onco-
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Figure 7-1 The inheritance of can-
cer in a family (family G). The
affected members with cancer are
indicated by shaded figures and by
the type of cancer in each case. The
family demonstrates a dominant
inheritance pattern for the develop-
ment of cancer, of either the colon,
stomach, or uterus, a syndrome now
referred to as hereditary nonpolypo-
sis colorectal cancer (HNPCC).
Recent studies demonstrate that can-
cer predisposition in families with
HNPCC results from germ line
mutation of a DNA repair gene
allele (see text) (kindred described
by AS Warthin, 1913; the mutation
in this kindred was recently
described in ref. 270). (Reproduced
with permission from Fearon ER,
Vogelstein B. Tumor suppressor and
DNA repair gene defects in human
cancer. In: Holland JF, Frei E, Bast
RC, et al, editors. Cancer medicine,
4th ed. Baltimore: Williams &
Wilkins;  1997. p. 97–117.
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genes, such as mutant RAS genes, were
expressed in the hybrids.11,12

The observation that the loss of specific
chromosomes was associated with the reversion
to malignancy suggested that a single chromo-
some (and perhaps even a single gene) might be
sufficient to suppress tumorigenicity. To directly
test this hypothesis, single chromosomes were
transferred from normal cells to tumor cells, by
using the technique of microcell-mediated chro-
mosome transfer. It was found that the transfer of
a single chromosome 11 into the HeLa cervical
carcinoma cell line suppressed the tumorigenic
phenotype of the cells.13 Similarly, transfer of
chromosome 11 into a Wilms tumor cell line was
found to suppress tumorigenicity, whereas the
transfer of several other chromosomes had no
effect.14 Many studies have demonstrated that
transfer of even very small chromosome frag-
ments will specifically suppress the tumorigenic
properties of certain cancer cell lines.

Although tumorigenic growth in immuno-
compromised animals can often be suppressed in
hybrids resulting from fusion between malignant
and normal cells or by transfer of unique chro-
mosome fragments, other traits characteristic of
the parental tumor cells, such as immortality and
anchorage-independent growth in vitro, may be
retained. This observation is consistent with the
notion that most malignant tumors arise as a
result of multiple genetic alterations. Suppres-
sion of tumorigenicity following cell fusion or
microcell chromosome transfer might thus rep-
resent correction of only one of many alterations.
Furthermore, the data suggest that some of the
genes that influence the lifespan of normal cells
may be distinct from the genes that suppress the
tumorigenic phenotype. However, because each
of these classes of genes can suppress at least
some phenotypic properties of tumor cells (eg,
tumorigenicity or immortality), the two classes
of genes are not usually distinguished one from
another, and both types are referred to as tumor-
suppressor genes.

In summary, although somatic cell genetic
approaches did not lead to the identification of
specific tumor-suppressor genes in human can-
cer, the approaches provided early and persua-
sive evidence for the existence of critical growth-
regulating genes in normal cells that can
suppress phenotypic traits of immortal or even
fully cancerous cells.

RETINOBLASTOMA—A PARADIGM
FOR TUMOR-SUPPRESSOR GENE
FUNCTION

Essentially concurrent with the initial cell fusion
experiments of Harris and colleagues, Knudson’s
analysis of the age-specific incidence of
retinoblastoma led him to propose that two “hits”
or mutagenic events were necessary for
retinoblastoma development.15 Retinoblastoma
occurs sporadically in most cases, but in some
families, it displays autosomal dominant inheri-
tance. In an individual with the inherited form of
the disease, Knudson proposed that the first hit is

present in the germ line, and thus in all cells of
the body. However, the presence of a mutation at
the susceptibility locus was argued to be insuffi-
cient for tumor formation, and a second somatic
mutation was hypothesized to be necessary for
promoting tumor formation. Given the high like-
lihood of a somatic mutation occurring in at least
one retinal cell during development, the domi-
nant inheritance pattern of retinoblastoma in
some families could be explained. In the non-
hereditary form of retinoblastoma, both muta-
tions were proposed to arise somatically within
the same cell. Although each of the two hits
could theoretically have been in different genes,
subsequent studies (see below) led to the conclu-
sion that both hits were at the same genetic locus,
ultimately inactivating both alleles of the
retinoblastoma (RB1) susceptibility gene. Knud-
son’s hypothesis served not only to illustrate
mechanisms through which inherited and
somatic genetic changes might collaborate in
tumorigenesis, but it also linked the notion of
recessive genetic determinants for human cancer
to somatic cell genetic findings on the recessive
nature of tumorigenesis.

The first clue to the location of a putative
gene responsible for inherited retinoblastoma
was obtained from karyotypic analyses of
patients with retinoblastoma. Constitutional
deletions of chromosome 13 were observed in
some cases.16 Subsequent cytogenetic studies of
patients with retinoblastoma identified
detectable germ line deletions of chromosome
13 in only about 5% of all patients. However, in
cases where deletions were observed, the com-
mon region of deletion was centered around
chromosome band 13q14.17 Levels of esterase D,
an enzyme of unknown physiologic function,
were found to be reduced in patients with dele-
tions of 13q14, when compared with karyotypi-
cally normal family members.18 This finding
implied that the esterase D gene might be con-
tained within chromosome band 13q14. Indeed,
analysis of the segregation patterns of esterase D
isozymes and retinoblastoma development in
families with inherited retinoblastoma estab-
lished that the esterase D and RB1 loci were
genetically linked.19

Subsequently, a child with inherited
retinoblastoma was found to have esterase D lev-
els approximately one-half of normal, although
no deletion of chromosome 13 was seen in kary-
otype studies of his blood cells and skin fibro-
blasts.20 Interestingly, tumor cells from this
patient had a complete absence of esterase D
activity, despite harboring one apparently intact
copy of chromosome 13. Based on these find-
ings, it was proposed that the copy of chromo-
some 13 retained in the tumor cells had a submi-
croscopic deletion of both the esterase D and
RB1 loci. Moreover, it was concluded that the
initial RB1 mutation in the child was recessive at
the cellular level (ie, cells with inactivation of
one RB1 allele had a normal phenotype). The
effect of the predisposing mutation, however,
could be unmasked in the tumor cells by a sec-

ond event, such as the loss of the chromosome 13
carrying the wild-type RB1 allele. This proposal
was entirely consistent with Knudson’s two-hit
hypothesis.15,21

To establish the generality of these observa-
tions, Cavenee, White, and their colleagues
undertook studies of retinoblastomas, both inher-
ited and sporadic types, by using DNA probes
from chromosome 13. Probes detecting DNA
polymorphisms were used, so that the two
parental copies of chromosome 13 in the cells of
the patient’s normal and tumor tissues could be
distinguished from one another. By using such
markers to compare paired normal and tumor
samples from each patient, they were able to
demonstrate that loss of heterozygosity (ie, the
loss of one parental set of markers) for chromo-
some 13 alleles had occurred during tumorigene-
sis in more than 60% of the cases studied.22 Loss
of heterozygosity (LOH) for chromosome 13,
and specifically for the region of chromosome 13
containing the RB1 gene, occurred via a number
of different mechanisms (Figure 7-2). In addition,
through study of inherited cases, it was shown
that the copy of chromosome 13 retained in the
tumor cells was derived from the affected parent
and that the chromosome carrying the wild-type
RB1 allele had been lost.22,23 These data estab-
lished that the unmasking of a predisposing muta-
tion at the RB1 gene, whether the initial mutation
had been inherited or had arisen somatically in a
single developing retinoblast, occurred by the
same chromosomal mechanisms.

Patients with the inherited form of retinoblas-
toma were known to be at an increased risk for
the development of a few other cancer types, par-
ticularly osteosarcomas. LOH for the chromo-
some 13q region containing the RB1 locus was
seen in osteosarcomas arising in patients with
the inherited form of retinoblastoma, suggesting
that inactivation of both RB1 alleles was critical
to the development of osteosarcomas in those
with inherited retinoblastoma.24,25 Chromosome
13q LOH was also frequently observed in spo-
radic osteosarcomas. These molecular studies of
retinoblastomas and osteosarcomas provided
strong support for Knudson’s two-hit hypothesis,
and suggested that a variety of tumors might
arise from the unmasking of recessive mutations
at different tumor suppressor loci.11,21,23 In addi-
tion, the studies demonstrated that both the
inherited and sporadic forms of a tumor
appeared to arise as a result of similar genetic
alterations. Moreover, osteosarcoma, a common
second primary neoplasm in patients with inher-
ited retinoblastoma, was found to have patho-
logic genetic mechanisms in common with
retinoblastoma.

CLONING AND ANALYSIS OF THE RB1 GENE

The molecular cloning of the RB1 gene was
facilitated by the identification of an anonymous
DNA marker from the chromosome 13q14
region that detected DNA rearrangements in
retinoblastomas.26 Through the analysis of the
DNA sequences flanking this DNA marker, a
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gene with the properties expected of RB1 was
identified.27–29 The RB1 gene has a complex
organization with 27 exons, spanning greater
than 200 kilobases (kb) of DNA, and an RNA
transcript of about 4.7 kb.30 The RB1 gene
appears to be expressed ubiquitously rather than
being restricted to retinoblasts and osteoblasts.

Cloning of RB1 allowed study of mutations
that inactivate the gene. Although gross deletions
of RB1 sequences have been observed in a small
subset of retinoblastomas and osteosarcomas,
most tumors appear to express full-length RB1
transcripts and do not have detectable gene rear-
rangements when analyzed by Southern blot-
ting.31–35 Hence, the detection of inherited and
somatic mutations in the RB1 gene in most cases
has required detailed characterization of its
sequence. Mutant RB1 alleles from both consti-
tutional cells of individuals with the inherited
form of the disease and from retinoblastomas of
both inherited and sporadic types have now been
quite extensively analyzed.35,36 This analysis has
provided definitive molecular evidence support-
ing Knudson’s two-hit model. As predicted,
patients with inherited retinoblastoma have been
found to have one mutated and one normal allele
in their constitutional (blood) cells. In retinoblas-
tomas of such individuals, the remaining RB1
allele has been found to be inactivated by
somatic mutation, usually by loss of the normal
allele through a gross chromosomal event (see
Figure 7-2), but in some cases by point mutation.
Multiple tumors arising in an individual patient
with inherited retinoblastoma all were found to
contain the same germ line mutation but had dif-
ferent somatic mutations affecting the remaining
RB1 allele. The vast majority of patients with a

single retinoblastoma and no family history of
the disease have two somatic mutations in their
tumors and two normal alleles in their constitu-
tional cells.

Although the identification of mutations in
both alleles of the RB1 gene in retinoblastomas
and osteosarcomas provides strong support for
the proposal that the cloned gene is, indeed, the
gene whose inactivation is a crucial and likely
rate-determining step in tumor formation, addi-
tional support for the critical growth regulatory
function of the gene was provided by the demon-
stration that restoration of RB1 function could
suppress some aspects of retinoblastoma tumori-
genesis. The transfer of a cloned copy of wild-
type RB1 to retinoblastoma and other tumor cells
in culture affects a number of cellular properties,
including morphology and differentiated pheno-
type, growth rate in culture, and the ability of the
cells to form colonies in soft agar and progressive
tumors in nude mice.37–39 However, such studies
generally involve expression of an exogenous
gene at nonphysiologic levels, and the signifi-
cance of the phenotypes produced is question-
able. Indeed, many genes that have little or no role
in tumorigenesis can inhibit the growth of trans-
fected cells when expressed at high levels.

The observation that RB1 is ubiquitously
expressed is rather puzzling, given the spectrum of
tumors that develop in patients with germ line RB1
mutations. Patients with germ line mutations of
RB1 are at elevated risk for the development of
only a rather limited number of tumor types,
including retinoblastomas in childhood, osteosar-
comas, soft-tissue sarcomas, and melanomas later
in life. RB1 germ line mutations fail to provide a
strong predisposition to most common cancers,

despite the fact that somatic RB1 mutations have
been observed in a wide variety of other cancer
types, including breast, small cell lung, bladder,
pancreas, and prostate cancers.40 It is possible
that retinoblastoma functions slightly differently in
retinal epithelial cells than in other cell types, so
that the RB1 gene acts as a “gatekeeper” in retinal
cells but not in other cell types.

FUNCTION OF THE RETINOBLASTOMA PROTEIN

(P105-RB) The protein product of the RB1
gene is a nuclear phosphoprotein with a molecu-
lar weight of about 105,000 Daltons known as
p105-Rb or, more commonly, as pRb.39 Harlow
and colleagues’ studies  provided the first critical
insights into pRb function. They demonstrated
that pRb formed a complex with the E1A onco-
protein encoded by the murine DNA tumor virus
adenovirus type 5.41 Prior studies of E1A had
established that it had many effects on cell
growth, including cell immortalization and coop-
eration with other oncogenes (eg, mutated Ras
oncogene alleles) in neoplastic transformation. It
was thus hypothesized that functional inactiva-
tion of pRb through its interaction with E1A
might contribute to some of E1A’s transforming
functions. Additional support for this proposal
was provided by data establishing that mutations
inactivating the ability of E1A to bind to pRb also
inactivated E1A’s transforming function.42,43

The significance of physical interaction
between pRb and a DNA tumor virus oncoprotein
was further supported by the subsequent demon-
stration that other DNA tumor virus oncoproteins
also formed complexes with pRb, including
SV40 T antigen and the E7 proteins of human
papillomavirus (HPV) types 16 and 18 (Figure 
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Figure 7-2 Chromosomal mechanisms that result in loss of heterozygosity for alleles at
the retinoblastoma predisposition (RB1) locus at chromosomal band 13q14. In the inher-
ited form of the disease (top left), the affected daughter inherits a mutant RB1 allele (rb)
from her affected mother and a normal RB1 allele (+) from her father. Thus, she has one
wild-type and one mutant RB1 allele in all her cells (ie, constitutional genotype for RB1 is
rb/+). The two copies of chromosome 13 in her normal cells (one from each parent) can be
distinguished by using polymorphic DNA markers flanking the RB1 locus (the polymor-
phic alleles are designated by number). A retinoblastoma can arise after inactivation of the
remaining wild-type RB1 allele. Among the genetic mechanisms found to inactivate the
remaining wild-type RB1 allele during tumor development are chromosome nondisjunc-
tion and reduplication of the remaining copy of chromosome 13 (ND/R); mitotic recombi-
nation (REC); nondisjunction (ND); and other mutations that inactivate the remaining RB1
allele (Other). Shown at the top right is the situation in the noninherited (sporadic) form of
the disease. A somatic mutation arises in a developing retinal cell and inactivates one of
the RB1 alleles. A retinoblastoma will develop if the remaining RB1 allele is inactivated by
one of the mechanisms shown. (Modified, corrected, and reproduced with permission from
Fearon ER, Vogelstein B. Tumor suppressor and DNA repair gene defects in human can-
cer. In: Holland JF, Frei E, Bast RC, et al, editors. Cancer medicine, 4th ed. Baltimore:
Williams & Wilkins;  1997. p. 97–117.)
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7-3).44,45 Many of the mutations inactivating the
transforming activities of these oncoproteins also
inactivated their ability to interact with pRb. Fur-
thermore, E7 proteins from “high-risk” HPVs (ie,
those linked to cancer development), such as HPV
16 and 18, formed complexes more tightly with
pRb than did E7 proteins of “low-risk” viruses
(eg, HPV types 6 and 11). These studies of pRb
provided compelling evidence that DNA tumor
viruses might transform cells, at least in part, by
inactivating tumor-suppressor gene products. In
addition, given the critical dependence of DNA
tumor viruses on harnessing the cell’s machinery
for replication of the viral genome, the studies
also provided support for the hypothesis that pRb
might normally control cell growth by interacting
with cellular proteins that regulated the cell’s deci-
sion to enter into the DNA synthesis (S) phase of
the cell cycle.

The functional activity of pRb is regulated by
phosphorylation during normal progression
through the cell cycle.39,46–48 Accordingly, pRb
appears to be predominantly unphosphorylated or
hypophosphorylated in the G1 phase of the cell
cycle and maximally phosphorylated in G2 (Fig-
ure 7-4). The critical phosphorylation events reg-
ulating the function of pRb are likely to be medi-
ated at the boundary between the G1 and S phases
of the cell cycle by cyclin and cyclin-dependent
kinase (cdk) protein complexes.39,40 Presumably,
phosphorylation of pRb, particularly at the G1-S
boundary, inactivates its ability to interact with
cellular proteins that regulate entry into S phase.
For example, when it is not phosphorylated, pRb

forms complexes with proteins in the E2F family
and inhibits transcription by recruiting proteins
involved in transcriptional repression.39 When
phosphorylated, pRb can no longer efficiently
form complexes with E2Fs (see Figure 7-4). The
E2F proteins, when dimerized with their DP (dif-
ferentiation-regulated transcription factor) partner
proteins, are then capable of activating the expres-
sion of a number of genes that are likely to regu-
late/promote entry into S phase, including DNA
polymerase α, thymidylate synthase, ribonu-

cleotide reductase, cyclin E, and dihydrofolate
reductase.39 That E2F family members directly
affect cellular proliferation was recently shown in
conditional mouse knockout models.49 Several
other cellular proteins that bind to pRb have been
identified, but their functions and the significance
of their interactions with pRb remain less-well
characterized than pRb’s interactions with E2Fs.

The retinoblastoma protein shares significant
similarity with two proteins known as p107 and
p130. Like Rb, these proteins have been found to
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MITOSIS DNA SYNTHESIS

E2F

E2F

DP

DP

G1

G2

CYCD1

CDK4

p16

S-Phase Genes

S-Phase Genes

pRb

pRb pRb

pRb

pRb

PP
P

P
P

P

P

P
P P

P

P

P P

X

Figure 7-4 Phosphorylation regulates the function of pRb during the
cell cycle. The pRb protein is hypophosphorylated in the G1 phase of
the cell cycle, and phosphorylation (P) of specific sites appears to
increase during progression through the cell cycle. A protein complex
that appears to phosphorylate pRb prior to DNA synthesis (S-phase)
includes a cyclin (CYC) and a cyclin-dependent kinase (CDK) (proba-
bly, cyclin D1 and CDK4). The CYCD1/CDK4 complex is regulated by
the p16 inhibitor protein, which is itself the product of a tumor-sup-
pressor gene on chromosome 9p known as INK4a (see text). In its
hypophosphorylated state, pRb binds to E2F transcriptional regulatory
proteins. E2F proteins dimerize with DP proteins and activate the tran-
scription of genes, including those involved in DNA synthesis. How-
ever, when pRb is brought to the promoter regions of genes via its inter-
action with E2F proteins, pRb represses the expression of the E2F target
genes. Phosphorylation of pRb releases it from the E2F/DP protein
complex and results in gene activation. The figure also indicates that
pRb phosphorylation increases in G2 with pRb dephosphorylated at or
near anaphase. (Modified and reproduced with permission from Fearon
ER, Vogelstein B. Tumor suppressor and DNA repair gene defects in
human cancer. In: Holland JF, Frei E, Bast RC, et al, editors. Cancer
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form complexes with certain DNA tumor virus
proteins.50–52 Because of their similarity to pRb,
the p107 and p130 proteins have been termed
pRb “cousins.” Although all three proteins may
have related cellular functions, there is only
rather limited evidence indicating that mutations
in the p107 or p130 genes contribute to cancer
development. Germ line mutations in p107 and
p130 have not been reported in humans, somatic
mutations in the p130 gene have been seen in
only a small fraction of small cell lung and
nasopharyngeal cancers,53,54 and somatic muta-
tions in p107 appear to be even rarer or absent in
cancer. Furthermore, whereas germ line inacti-
vation of the mouse pRb gene predisposes the
animals to pituitary adenomas and carcinomas as
well as thyroid tumors, germ line inactivation of
the murine homologs of the p130 and p107 genes
appears to have no effect on tumor predisposi-
tion.55,56 Future studies will undoubtedly shed
further light on the means by which loss of pRb
function, but not that of p107 or p130, con-
tributes to cancer development. Nevertheless, a
reasonable hypothesis is that pRb, via its appar-
ently selective interactions with certain E2F
family members, such as E2F1, may regulate
expression of cellular genes distinct from those
regulated by p107 and p130.

THE P53 GENE

Studies in the late 1970s revealed that a cellular
phosphoprotein with a relative molecular mass
of about 53,000 Daltons formed a tight complex
with SV40 T antigen; hence, the p53 protein was
so named.57–59 Further work established that p53
also formed a complex with other viral oncogene
products, including the adenovirus E1B protein,
and that p53 was present at low levels in normal
cells and high levels in many tumors and tumor
cell lines.59–62 These initial findings suggested
that increased levels of p53 might contribute to
cancer. Consistent with this notion, gene transfer
studies provided data demonstrating that p53
functioned as an oncogene in in vitro experi-
ments.62–65 However, subsequent studies showed
that p53 was in reality a tumor-suppressor gene.
The first definitive evidence for this conjecture
came from the studies of human tumors.66

The rationale for the human cancer studies
was the observation that chromosome 17p LOH
was common in a number of different tumor
types, including colorectal, bladder, breast, and
lung cancer.67,68 Detailed mapping showed that
the region of 17p that was lost in colorectal can-
cers included the p53 gene.66 Analysis of the
sequence of the p53 alleles retained in those can-
cers with 17p LOH demonstrated the remaining
p53 allele was mutated,66 in perfect accord with
Knudson’s hypothesis for the alterations
expected in tumor-suppressor genes. These
observations were soon extended to other cancer
types69,70 and explained many previous observa-
tions on p53 that had been confusing when p53
was believed to be an oncogene.71–75 Additional
evidence that p53 functions as a tumor-
suppressor gene in human cancer is provided by

gene transfer studies, but as noted above, such
overexpression studies cannot be easily inter-
preted because many genes with no role in neo-
plasia can inhibit the growth of transfected
cells.76–79 Based on the types of tumors in which
p53 mutations have been found and the preva-
lence of p53 mutations in those tumor types, p53
is believed to be the most frequently mutated
genes in human cancer.80 The vast majority of
the somatic mutations in p53 are missense muta-
tions leading to amino acid substitutions in the
central portion of the protein.80

Detailed characterization of the particular
base substitutions in the p53 gene revealed dis-
tinctly different spectra of p53 mutations in dif-
ferent types of cancer (reviewed in ref. 80). For
example, most p53 mutations in colorectal can-
cers appear to have arisen spontaneously as a
result of deamination of methylated cytosine
bases, leading to C → T transition mutations. By
contrast, many of the p53 mutations seen in lung
cancers are transversion mutations (eg, G → T)
that may have arisen as result of direct interac-
tions of p53 gene sequences with carcinogens
present in tobacco smoke. Furthermore, some of
the most compelling data to link mutagenic and
carcinogenic agents with cancer induction come
from study of the p53 mutations seen in squa-
mous cell cancers of the skin and hepatocellular
cancers. In squamous cell cancers arising in
ultraviolet light-exposed skin areas, a sizable
fraction of the p53 mutations presumably arose
from the generation of pyrimidine dimer premu-
tagenic lesions. Similar studies of the p53 gene in
hepatocellular cancers arising in individuals from
geographic areas with very high exposures to
aflatoxin identified mutations that are similar to
those generated by aflatoxin in in vitro studies.80

Germ line mutations in the p53 gene have
been seen in those affected by the Li–Fraumeni
syndrome (LFS), as well as in a small subset of
pediatric patients with sarcomas or osteosarco-
mas who do not meet the more strict criteria for
diagnosis of LFS.81–83 Those with LFS are at risk
for the development of a number of tumors,
including soft-tissue sarcomas, osteosarcomas,
brain tumors, breast cancers, and leukemias.
Between one-half and two-thirds of patients with
LFS have germ line mutations in the central core
domain of the p53 coding sequences that resem-
ble the somatic mutations frequently seen in the
p53 gene in various sporadic cancers.84 Some
LFS patients and families with phenotypic fea-
tures of LFS have germ line mutations in a gene
termed hCHK2 that phosphorylates p53 and
controls the cell’s response to DNA-damaging
events.85

In addition to somatic and inherited muta-
tions in the gene, p53 function can be inactivated
by other mechanisms.86 As noted above, the
majority of cervical cancers contain high-risk or
cancer-associated HPV genomes (ie, HPV type
16 or 18). The E6 gene product of high-risk, but
not low-risk, HPV types binds to a cellular pro-
tein known as E6AP (for E6-associated protein)
and stimulates p53 degradation.87–91 A cellular

p53-binding protein known as MDM2 is overex-
pressed in a subset of soft-tissue sarcomas as a
result of gene amplification involving chromo-
some 12q sequences.92 DNA transfection studies
have shown that the MDM2 gene can function as
an oncogene when overexpressed. The onco-
genic function of MDM2 is presumably medi-
ated through its binding to and inactivation of
p53. MDM2 masks p53’s transcriptional activa-
tion domain and promotes p53’s ubiquitination
and subsequent degradation by the protea-
some.93–95 Consistent with the notion that
MDM2 is a critical inhibitor of p53 function, sar-
comas with MDM2 amplification and overex-
pression rarely harbor somatic mutations in
p53.96 Disruption of the MDM2 gene in the
germ line of mice is lethal, probably because
such disruption allows unregulated activity of
p53. Accordingly, disruption of the murine p53
gene rescues MDM2-deficient mice from
embryonic lethality.97

P53 FUNCTION Although it may yet be found to
have other functions, the p53 protein has been
shown to function as a transcriptional regulatory
protein.98,99 In its wild-type state, the p53 protein
is capable of binding to specific DNA sequences
with its central core domain (Figure 7-5). The
aminoterminal sequences of p53 function as a
transcriptional activation domain, and the car-
boxy terminal sequences appear to be required
for p53 to form dimers and tetramers with itself.
p53 activates transcription of a number of genes
with roles in the control of the cell cycle, includ-
ing WAF1/CIP1/p21 (which encodes a regulator
of Cdk activity),100 GADD45 (a growth-arrest
DNA damage-inducible gene),101 MDM2 (as
noted above, encoding a protein that is a known
negative regulator of p53), and 14–3–3σ (a regu-
lator of G2/M progression),102 as well as various
genes that likely function in apoptosis, including
BAX, NOXA, and PUMA, and a number of
genes encoding proteins involved in the genera-
tion of reactive oxygen species.98,99,103–105 Other
studies suggest that p53 may also function to
repress the transcription of certain genes.98 While
the specific mechanisms of p53 repression are
not well understood and its importance to neopla-
sia is unclear, several candidate targets of p53
repression have been suggested, including the
gene for the microtubule-associated protein
MAP4,106 the multidrug-resistance–associated
protein 1 (MRP1),107 and the gene for FKBP25,
an FK506/rapamycin-binding protein.108

The vast majority of p53 mutations in com-
mon human cancers are missense mutations.80

These missense mutations are scattered through
the central domain of the p53 coding region
(exons 5 to 9). Based on the structure of the p53
protein, the missense mutations all appear to
have marked effects on p53 protein’s capability
to bind to its cognate DNA recognition sequence
through either of two mechanisms.109 Some
mutations (eg, mutations at codons 248 or 273)
alter p53 sequences that are directly responsible
for sequence-specific DNA binding. Other
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mutations (eg, codon 175) appear to affect the
folding of p53 and thus indirectly affect its abil-
ity to bind to DNA.

The cellular function(s) of p53 remain a sub-
ject of intense interest, although a number of
insights have emerged.98 Under some circum-
stances, p53 acts at the G1/S checkpoint to regu-
late the cell’s decision to synthesize DNA,
although p53 also appears to have a critical func-
tion at G2/M.110,111 In perhaps other settings,
p53 appears to exert control over the cell’s deci-
sion to undergo apoptosis or programmed cell
death. Of interest with regard to the possible role
of p53 in cancer pathogenesis is that loss of p53
function affects the ability of cells to arrest cell
growth at the G1/S checkpoint in response to
stressful stimuli.101,112 Furthermore, and of par-
ticular interest with regard to cancer treatment,
are data from models suggesting that some
tumor cells lacking p53 function are less sensi-
tive to γ-irradiation and some chemotherapeutic
agents, such as cisplatin.113,114 Recently, “knock
in” mouse cells were generated that contained
dominant negative p53 missense mutations.115

In this system, these missense variants of p53
also conferred resistance to radiation and
chemotherapy. Nevertheless, studies of other
tumor cells suggest that p53 status shows a very
different relationship to chemotherapeutic
response, with cells that lack functional p53
being markedly sensitive to DNA-damaging
agents but resistant to 5-fluorouracil.116 Thus far,
studies of primary human cancers have empha-
sized that there is likely to be a rather complex
relationship between p53 mutational status and
the responsiveness of cancer cells to chemother-
apy and/or radiation therapy. Finally, some stud-
ies provide data indicating that p53 inactivation
may protect cells from arrest of growth in
response to a relatively broad array of cellular
stresses, including hypoxia and nucleotide depri-
vation.117,118 Hopefully, further work on p53
function will clarify and enrich our understand-
ing of the normal functions of p53, the basis for
p53’s frequent inactivation in many different

cancers, and the consequences of p53 inactiva-
tion on tumor growth and response to therapy.

THE INK4A LOCUS AND THE P16INK4A

AND P19ARF GENES

Studies of the INK4a locus on chromosome 9p
illustrate well how observations from initially
disparate lines of investigation often converge to
implicate a particular locus as a critical factor in
cancer development. LOH of chromosome 9p
was frequently found in many different tumor
types, including melanomas, gliomas, and non-
small cell lung, bladder, and head and neck can-
cers, as well as leukemias.119–122 Of consider-
able interest were observations establishing that
a subset of such tumors had homozygous (com-
plete) deletions affecting the 9p21 region,123–125

strongly supporting the existence of a tumor
suppressor gene in the region. In addition to the
frequent somatic alterations of chromosome 9p
sequences in cancers, linkage studies of some
families with inherited melanoma indicated a
melanoma predisposition gene mapped to
essentially the same region of 9p.126

These observations stimulated great interest
in the chromosome 9p region presumed to con-
tain the tumor suppressor gene(s). One of the
genes identified in the region as a result of posi-
tional cloning efforts was initially termed
MTS1.127 Sequence analysis of MTS1 showed
that it was identical to a previously described
gene, encoding the Cdk inhibitor protein known
as p16.128 Because the p16 protein functioned
by inhibiting Cdk4 and Cdk6, the protein was
termed an INK4 protein. Another highly related
gene, mapping immediately next to the
p16/MTS1 gene on chromosome 9p, was found
to encode a second INK4 protein, known as p15
(Figure 7-6). The gene encoding the p16 protein
is most often termed INK4a and the gene for
p15 is INK4b.129,130 Subsequent studies show
that heterozygous mutations in INK4a are pre-
sent in some patients with inherited melanoma,
and in some families with inherited melanoma
and pancreatic cancer.131–134 Somatic muta-

tions in INK4a are present in a significant frac-
tion of many different cancer types, including
but not limited to melanomas, gliomas, pancre-
atic and bladder cancers, and leukemias. In
some tumors, deletions affecting the INK4a
gene also involve the INK4b gene. In rare
tumors, deletions inactivate INK4b but not
INK4a.135 The prevalence and specific nature
of INK4a mutations vary markedly from one
tumor type to another. In contrast to other
tumor-suppressor genes, like RB1 and p53,
homozygous deletion is a fairly common mech-
anism of INK4a inactivation in cancer.136

Detailed studies of the INK4a locus led to
the identification of a novel alternative tran-
script containing nucleotide sequences identi-
cal to those in transcripts for the p16INK4a pro-
tein, but with unique 5’ sequences (see Figure
7-6).129,130,137 The alternative INK4a locus
transcript encodes a protein known as p19ARF

with p19 denoting its apparent molecular
weight and ARF denoting alternative reading
frame. The human version of the mouse p19ARF

protein is sometimes referred to as p14ARF

because of its smaller apparent molecular
weight in gel electrophoresis studies. However,
both proteins appear to have identical functions,
and the discussion below uses the p19ARF ter-
minology because it is found more frequently in
the literature. The p19ARF protein contains
sequences from a distinct first exon (exon 1β).
Exon 1β is located upstream of exon 1α, the
first exon present in transcripts for p16 (see
Figure 7-6). Exon 1β is spliced to exon 2,
which, along with exon 3, is present in the tran-
scripts for both the p19ARF and p16INK4a pro-
teins. However, the p19ARF protein shares no
sequence similarity with the p16INK4a protein
because p19ARF synthesis initiates at a unique
methionine codon in exon 1β and continues
through exon 2, using an alternative open read-
ing frame with no similarity to the p16INK4a

open reading frame. Careful studies of somatic
and inherited mutations at the INK4a locus
indicate that localized mutations inactivating
the p16INK4a protein are common in human can-
cer, but that localized mutations inactivating
p19ARF are uncommon.129,130 However, the fre-
quent occurrence of homozygous deletions at
the INK4a locus implies that mutational inacti-
vation of both proteins may be strongly selected
for during tumor development (see Figure 7-6).
Other findings suggest that p16INK4a and
p19ARF expression may be lost in some tumor
types as a result of methylation of DNA regula-
tory sequences at the INK4a locus (see Figure
7-6).138–140 Furthermore, studies of mice with
germ line inactivation of p19ARF and p16INK4a

indicate that these proteins function as tumor-
suppressor genes in vivo.141–143

The mechanism through which the p16INK4a

protein controls tumorigenic growth is appar-
ently through its inhibition of Cdk4 activity. As
indicated above, phosphorylation of pRb
impedes its ability to transcriptionally regulate
E2F-target genes (see Figure 7-4). The cyclin
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D1/Cdk4 complex has a critical role in regulat-
ing pRb phosphorylation and function.140

Hence, the p16INK4a protein, by virtue its regula-
tion of Cdk4 activity, is, in turn, a critical factor
in regulating pRb phosphorylation. Presumably,
inactivation of p16INK4a results in inappropriate
phosphorylation of pRb and a subsequent inabil-
ity of hyperphosphorylated pRb to bind E2Fs
and appropriately regulate gene expression at the
G1/S transition.

Initially, insights into the means by which
p19ARF functioned as a growth regulator and
tumor suppressor in vitro and in vivo were lack-
ing, in part because the p19ARF protein lacks sig-
nificant similarity to proteins with well-estab-
lished function. It is now clear that p19ARF binds
directly to the MDM2 protein, and its binding
blocks both MDM2-induced degradation of p53
and MDM2’s effects on p53-mediated transcrip-
tional activation of genes.130 Hence, p19ARF

function is important for maintaining the appro-
priate function of p53 in cells, much like
p16INK4a function is critical for appropriate pRb
function. The findings on the functions of the
p16INK4a and p19ARF proteins emphasize the
concept that oncogenes and tumor-suppressor
genes do not function in isolation. Rather, they
function in intricately linked cascades/networks
(Figure 7-7).98

THE APC GENE

IDENTIFICATION OF THE APC GENE AND GERM

LINE MUTATIONS Hereditary colorectal cancer
syndromes are usually subdivided into polyposis
and nonpolyposis types. The polyposis types are
those in which dozens or even thousands of
benign tumors (polyps) are often seen prior to
cancer development. In the nonpolyposis types,
few if any polyps are noted prior to cancer for-
mation, in spite of the elevated risk of cancer and
the fact that most colorectal cancers are believed
to arise from adenomatous precursor lesions.
The nonpolyposis colorectal cancer syndromes
are addressed below in the context of defects in
DNA repair pathway genes. One of the polyposis
syndromes is known as familial adenomatous
polyposis (FAP) or adenomatous polyposis coli
(APC). FAP is an autosomal dominant disorder
affecting about 1 in 7,000 individuals in the
United States. The syndrome is characterized by
the development of hundreds of adenomatous
polyps in the colon and rectum of affected indi-
viduals by early adulthood. The lifetime risk of
colorectal cancer in those with the classic form
of FAP is extremely high, approaching nearly
100% by age 60 years.

An observation that greatly aided localization
of the APC gene was the demonstration by Her-

rera and Sandberg, in 1986, of an interstitial dele-
tion of chromosome 5q in a patient with features
of FAP, but who lacked any family history of the
syndrome.144 Subsequent DNA linkage studies
confirmed that, in multiple kindreds with FAP or
the related condition known as Gardner syn-
drome, the polyposis phenotype segregated with
DNA markers near 5q21.145,146 In 1991, posi-
tional cloning efforts ultimately identified the
APC gene as the specific gene responsible for
FAP.147–150 The APC gene is large, with more
than 15 exons, and alternative splicing affects the
5’ untranslated portion of transcripts. The pre-
dominant APC transcript encodes a 2,843-amino-
acid protein expressed in many adult tissues.

In the great majority of individuals with FAP
or the Gardner syndrome, heterozygous germ
line mutations can be identified in the APC
gene.151–153 All of the germ line APC mutations
in those with FAP or Gardner syndrome appear to
inactivate APC protein function. The overwhelm-
ing majority of these germ line mutations are
localized nonsense or frameshift mutations in the
5’ half of the coding region of APC (Figure 7-8).
Consistent with Knudson’s two-hit hypothesis,
inactivation of the remaining wild-type APC
allele by somatic mutation in those carrying a
germ line APC mutation is seen in the cancers
that arise.154,155 Correlations between the loca-
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into senescence: the curious case of p16 and p19ARF. Cell 91:555–558, 1997. 
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tion of a particular germ line APC mutation and
clinical features have been found, although clear
insights into the basis for the predisposition to
extracolonic tumors (eg, jaw osteomas and
desmoid tumors) in those with the variant Gard-
ner syndrome are lacking. However, some light
has been shed on the variability in polyp number
seen in some families with polyposis.155,156

Mutations in the 5’region of the APC gene appear
to be correlated with an attenuated phenotype,

perhaps via mechanisms related to alternative
splicing or even to reentry of the ribosome on the
APC transcript downstream of the premature stop
codon.156 Mutations in 3’ third of the APC gene
are also associated with a milder polyposis phe-
notype than are mutations in the central third of
the gene, perhaps because the mutated APC pro-
teins retain some tumor-suppressor activity,
although extracolonic features, such as desmoid
tumors, may be more common in those with 3’

mutations.155 Finally, an intriguing missense
mutation in the middle of the APC gene has been
found in colorectal cancer prone Ashkenazi Jew-
ish families.157

SOMATIC APC MUTATIONS IN SPORADIC COLON

TUMORS Whereas germ line APC mutations
are an uncommon cause of colorectal cancer in
the general population and are present in only
about 0.5% of all colon cancers, somatic APC
mutations are present in the vast majority of spo-
radic colorectal adenomas and carcinomas.158

The initial observation suggesting that APC
inactivation might be common in colon tumors
was the observation that the chromosome 5q
region containing the APC gene was affected by
LOH in many sporadic colorectal adenomas and
carcinomas.68,159 Since the identification of the
APC gene, detailed analyses of the somatic
mutations inactivating the APC gene in colorec-
tal tumors have been carried out. The somatic
APC mutations in sporadic tumors are similar in
nature and location to the germ line APC muta-
tions found in those with FAP or Gardner syn-
dromes (see Figure 7-8). Present findings sug-
gest that 70 to 75% of colorectal tumors,
regardless of their size or particular histopatho-
logic features, harbor a specific somatic muta-
tion in one of their two APC alleles.155

APC FUNCTION The APC gene encodes a
large protein of roughly 300 kDa that is hypoth-
esized to regulate cell adhesion, cell migration,
or perhaps even apoptosis in the colonic crypt.
The localization of the APC protein in the baso-
lateral membrane of colonic epithelial cells,
with an apparent increase in APC expression in
cells near the top of the crypt implies that APC
may regulate shedding or apoptosis of cells as
they reach the crypt apex.160 Perhaps consistent
with this view, restoration of APC protein
expression in colorectal cancer cells lacking
endogenous APC expression has been reported
to promote apoptosis.161
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The APC protein binds to a number of pro-
teins, including β-catenin, γ-catenin (also known
as plakoglobin), glycogen synthase kinase 3β
(GSK3β), EB1, hDLG, microtubules, and the
related proteins axin and conductin.162 With the
exception of β-catenin, GSK3β, and the con-
ductin and axin proteins, the significance and
role of APC’s interactions with its various bind-
ing partners is not well understood. Several lines
of evidence imply that APC has a critical func-
tion in regulating β-catenin.162,163 β-catenin is
an abundant cellular protein, first identified
because of its role in linking the cytoplasmic
domain of the E-cadherin cell–cell adhesion
molecule to the cortical actin cytoskeleton, via
β-catenin’s binding to α-catenin. The truncated
(mutant) APC proteins present in many colorec-
tal cancers lack some or all of the repeat motifs
crucial for binding to β-catenin. APC not only
binds to β-catenin, but in collaboration with an
enzyme known as glycogen synthase kinase-3
(GSK3β) and other proteins, such as axin or con-
ductin, appears to regulate the abundance of β-
catenin in the cytosol. In colorectal cancers in
which APC is mutated and unable to bind and/or
effectively coordinate the regulation of β-
catenin, β-catenin accumulates in the cell, com-
plexes with transcription factors of the Tcf (T-

cell factor) or Lef (lymphoid-enhancer factor)
family, such as Tcf-4, and translocates to the
nucleus (Figure 7-9). Once there, β-catenin func-
tions as a transcriptional coactivator, activating
expression of Tcf-regulated genes. Consistent
with the notion that β-catenin is a critical target
of APC regulation, somatic mutations in β-
catenin have been found in a fraction of the col-
orectal cancers lacking APC mutations.164–166

These mutations consistently alter GSK3β phos-
phorylation consensus sites near the aminoter-
minus of the β-catenin protein, and the mutations
presumably render the defective β-catenin pro-
teins oncogenic as a result of their resistance to
degradation by APC and GSK3β. Consequently,
β-catenin accumulates in the cytoplasm and
nucleus and activates expression of Tcf-regu-
lated genes (see Figure 7-9). Although somatic
mutations in APC appear to be rare in cancers
arising outside the colon and rectum, oncogenic
mutations in β-catenin’s N-terminus are also
seen in a significant fraction of many different
cancer types, including melanoma, hepatocellu-
lar cancer, endometrial cancer, and endometri-
oid-type ovarian cancer.167

Much work remains to define genes activated
by the Tcf/β-catenin complex in cancer cells
with APC defects. However, recent findings

indicate that protooncogenes such as c-MYC and
CYCLIN D1, extracellular proteases such as
MMP-7, and nuclear receptor factors such as the
peroxisome proliferator–activator receptor δ
(PPARδ) may be critical targets.168–172 Like c-
MYC and cyclin D1, other Tcf/β-catenin targets
with increased expression as a result of APC or
β-catenin mutations presumably promote cell
growth and/or inhibit cell death. Further work on
APC function should offer crucial insights into
the development of colon and other cancers, as
well as novel strategies and targets for
chemotherapy and perhaps even chemopreven-
tion.

BRCA1 AND BRCA2 GENES

Like several other common epithelial cancers,
family history has long been hypothesized to be
a major breast cancer risk factor, with greatest
risk in those who have a history of breast cancer
in multiple first-degree relatives. However, only
in the late 1980s was evidence obtained that pre-
disposition to breast cancer in some families
could be attributed to a highly penetrant, autoso-
mal dominant allele. Subsequently, in 1990, Hall
and colleagues reported the localization of one
such breast cancer predisposition gene, termed
BRCA1 (for breast cancer predisposition gene 1),
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on chromosome 17q21.173 Subsequently, others
found germ line BRCA1 mutations substantially
increase the risk not only of breast cancer but
also of ovarian cancer.174,175 Intensive research
efforts were focused on the region of chromo-
some 17q harboring BRCA1, and the gene was
ultimately identified by positional cloning
approaches in 1994.176,177

Studies of germ line BRCA1 mutations in
breast cancer patients have yielded important
results. In studies of families with four or more
cases of breast and/or ovarian cancer diagnosed
before age 60 years, germ line BRCA1 mutations
were identified in nearly 50% of families stud-
ied.178–180 In fact, germ line BRCA1 mutations
may account for cancer predisposition in roughly
75% of families who manifest both breast and
ovarian cancer.178,180 Many distinct germ line
BRCA1 mutations have been identified, although
most of the mutations result in the synthesis of a
truncated BRCA1 protein.178,180 Whereas most
germ line BRCA1 mutations have been identified
in only one or a few families, some mutations
have been found recurrently. The 11 most com-
mon mutations account for about 45% of the
total BRCA1 mutations observed.179,180 In fact,
the two most common mutations in BRCA1
(185delAG and 5382insC) account for approxi-
mately 10% of the total. Of note, the 185delAG
frameshift mutation at codon 185 of BRCA1,
involving a deletion of two bases (adenine and
guanine), has been identified in more than 20
Jewish families with familial breast or ovarian
cancer. Moreover, population surveys of Ashke-
nazi Jews, chosen without regard to a family his-
tory of cancer, indicate that approximately 1%
carry the 185delAG mutation.179–181 Based on
studies of families with germ line BRCA1 muta-
tions, the lifetime risks of breast cancer and ovar-
ian cancer in those carrying an inactivating
mutation are estimated to be 85% and 50%,
respectively.178,180 Whether particular germ line
BRCA1 mutations confer a greater risk of breast
and/or ovarian cancer than other mutations
remains uncertain.

Because LOH of the BRCA1 locus was found
in roughly 50% of unselected breast cancers and
65 to 80% of unselected ovarian cancers,180,182

BRCA1 was hypothesized to have an important
role in the development of sporadic breast and
ovarian cancers. Surprisingly, very few sporadic
cancers have been found to harbor detectable
somatic mutations in BRCA1.180,182 Somatic
BRCA1 mutations in sporadic breast cancer cases
have not been described, and somatic BRCA1
mutations have been identified only in approxi-
mately 5% of sporadic ovarian carcinomas.182

Although germ line mutations in the BRCA1
gene underlie cancer predisposition in roughly
40 to 50% of families with multiple breast can-
cer cases, another highly penetrant autosomal
dominant susceptibility gene termed BRCA2
plays a critical role in a significant fraction of the
families lacking BRCA1 mutations. The BRCA2
gene was mapped to chromosome 13q12–13 in
1994,183 and identified by positional cloning

strategies in 1995.184 At present, many uncer-
tainties about the nature, spectrum, prevalence,
and significance of germ line and somatic muta-
tions in the BRCA2 gene remain. However, sev-
eral points have been fairly well established.
First, whereas germ line mutations in BRCA1
and BRCA2 appear to confer essentially similar
lifetime risks of female breast cancer (ie, ~
80%), the risk of ovarian cancer is reduced to
approximately 10% in those with BRCA2 muta-
tions versus approximately 40 to 50% in those
with BRCA1 mutations. The risk of male breast
cancer is markedly elevated in BRCA2 mutation
carriers, with a lifetime risk of approximately
6%. In contrast, there is no obvious risk of male
breast cancer in BRCA1 mutation carriers. There
also appears to be an elevated risk of pancreatic
and perhaps several other cancers in both male
and female BRCA2 mutation carriers.180 LOH of
the BRCA2 locus at 13q12, but not at the RB1
locus at 13q14, has been observed in some spo-
radic breast, pancreatic, head and neck, and other
cancers, suggesting that BRCA2 may be a target
for somatic mutations in cancer. However, few
somatic BRCA2 mutations in sporadic cancers
have been detected.180

The BRCA1 and BRCA2 genes each encode a
large nuclear protein. The amino acid sequences
of the two proteins have only short regions of sim-
ilarity with one another or other well-character-
ized proteins. Although their lack of obvious func-
tional motifs stymied initial attempts to define the
cellular functions of BRCA1 and BRCA2, several
lines of evidence indicate that both proteins inter-
act directly or indirectly with homologs of yeast
Rad51, a protein that functions in the repair of
double-stranded DNA breaks.185–192 Moreover,
the BRCA1, BRCA2, and Rad51 proteins all
appear to be present in a stable multiprotein com-
plex in the cell’s nucleus. Consequently, it has
been suggested that BRCA1 and BRCA2 may
function in the response to or repair of DNA dam-
age, particularly double-strand DNA breaks.
Other findings imply that BRCA1 and perhaps
BRCA2 may have a role in regulating transcrip-
tion.193 Although the DNA repair and transcrip-
tion regulation functions may be distinct, it is
entirely possible that the two functions are linked
in a process sometimes referred to as transcrip-
tion-coupled DNA repair.189

Despite these clues, many questions remain
about the significance of the interactions of
BRCA1 and BRCA2 with one another and their
functions in DNA repair and/or transcriptional
regulation. Again, like other tumor-suppressor
genes with roles in site-specific predisposition to
cancer and ubiquitous expression in adult tis-
sues, it is not clear why germ line mutations in
BRCA1 and BRCA2 markedly increase the risk
of only selected cancer types (eg, breast and
ovarian). One suggestion is that breast and cer-
tain other epithelial cells may be particularly sus-
ceptible to the type of DNA damage that arises in
cells with BRCA1 or BRCA2 defects. Loss of
BRCA1 or BRCA2 function would then lead to
markedly increased rates of mutation acquisition

only in certain cell types. Alternatively, the pro-
cesses in which BRCA1 and BRCA2 function
may have many back-up systems or fail-safe
mechanisms in most normal cell types, but not in
breast and selected other epithelial cell types.
Yet, a third possible explanation for the tissue
specificity of the cancers seen in BRCA1 and
BRCA2 mutation carriers is that inactivation of
either BRCA1 or BRCA2 is most often associ-
ated with a detrimental or even a lethal effect in
stem cells other than those of the breast or ovary.
Finally, though the observations thus far have
implicated BRCA1 and BRCA2 predominantly
in maintenance of genome integrity, other func-
tions for the proteins are possible. For example,
there a recent report suggests a link between the
estrogen receptor and BRCA1 function, thus
providing another potential explanation of this
tumor suppressor’s tissue specificity.194

WT1 GENE

Wilms tumor is the most common renal neo-
plasm of children, accounting for approximately
6% of all pediatric cancers.195 Wilms tumor is
similar to retinoblastoma in a number of ways, as
both tumors can occur bilaterally or unilaterally,
with single or multiple foci, and in a sporadic or
inherited fashion. The two-mutation model orig-
inally proposed for retinoblastoma was also pro-
posed to explain Wilms tumor.196 Hereditary
cases, however, are not as common for Wilms
tumors as for retinoblastomas, and whereas
almost all patients inheriting a mutation at the
RB1 locus develop a retinoblastoma, only
approximately 50% of individuals carrying a
germ line mutation predisposing to Wilms tumor
develop the disease.195

Perhaps the first finding to offer insight into
an inherited genetic basis for Wilms tumor was a
report in 1964 describing six patients with
Wilms tumor and sporadic aniridia (ie, congeni-
tal absence of the iris).197 It was proposed that
the simultaneous occurrence of these two very
rare conditions might result from chromosomal
aberrations affecting two or more loci, a situation
now often referred to as a contiguous gene syn-
drome; mutation of one locus presumably leading
to aniridia and mutation of another leading to
Wilms tumor. This hypothesis was subsequently
supported by the discovery of interstitial dele-
tions of chromosome 11p13 in peripheral blood
samples from children with the WAGR syndrome
of Wilms’ tumor: aniridia, genitourinary abnor-
malities, and mental retardation.198 Cytogenetic
studies of tumor tissues in a few cases of sporadic
type Wilms tumors revealed deletions or translo-
cations of chromosome band 11p13.199,200 Sub-
sequent studies of paired samples of Wilms tumor
and normal cells from patients, using probes that
detect restriction fragment length polymorphisms
(RFLPs) on chromosome 11p, revealed that LOH
of 11p occurred frequently in Wilms tumors of
both the inherited and sporadic types.201–204

The WT1 gene was identified in 1990 by
virtue of mutations inactivating the gene in
patients with the WAGR syndrome, as well as by
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analysis of somatic mutations in the gene in
tumors from a minority of patients with unilateral
Wilms tumor and no associated congenital mal-
formation.205 WT1 is encoded by 10 exons and its
transcripts are subject to alternative splic-
ing.206,207 In contrast to the rather ubiquitous
expression of the RB1 and p53 genes, high-level
expression of the WT1 gene appears to be
restricted to embryonic kidney and a small subset
of other tissues.208,209 WT1 messenger ribonu-
cleic acids (mRNAs) encode proteins with
molecular masses of 45,000 to 49,000 Daltons
and 4 zinc-finger motifs. Based on its predicted
amino acid sequence, the WT1 proteins were sus-
pected from the outset to function in transcrip-
tional regulation.209 Several studies provide evi-
dence to support this notion, although some WT1
isoforms may have a role in RNA processing,
rather than in transcription regulation.207,209

WT1 proteins suppress the transcriptional activ-
ity of promoter elements from a number of
growth-inducing genes, including the genes for
early growth response (EGR1), insulin-like
growth factor-2 (IGF-2), and platelet-derived
growth factor A chain (PDGFA), suggesting that
WT1 may function in gene repression.210 Other
studies suggest that WT1 can activate or repress
gene expression, depending on the cell type and
promoter context.211 Consistent with the notion
that WT1 may have a physiologic function in
transcriptional activation, recent work indicates
that WT1 activates expression of amphiregulin, a
member of the epidermal growth factor family.212

Loss of amphiregulin expression may contribute
to loss of appropriate differentiation during
Wilms tumor development. Adding to the com-
plex nature of WT1’s role as a transcriptional reg-
ulator, recent studies suggest that certain WT1
splice variants have dramatically different effects
in their ability to regulate gene expression.213

WT1 inactivation clearly contributes to
Wilms tumor development in those with the
WAGR syndrome and approximately 10% of
apparently sporadic Wilms tumors have
detectable somatic mutations in the WT1
gene.214 Nevertheless, much evidence indicates
that Wilms tumors arise through mutations in
genes other than WT1. First, the chromosome
11p allelic losses seen in Wilms tumor frequently
involve band 11p15, but not band 11p13, where
the WT1 gene resides.214–216 Second, the 11p15
region harbors a gene responsible for Beckwith-
Wiedemann syndrome (BWS), a congenital dis-
order in which affected individuals manifest
hyperplasia of the kidneys, endocrine pancreas,
and other internal organs, macroglossia, and
hemihypertrophy.217,218 Those affected by BWS
are also at increased risk for the development of
embryonic tumors, such as hepatoblastoma and
Wilms tumor. Finally, linkage studies of three
families with dominant inheritance of Wilms
tumor exclude linkage of the susceptibility locus
in these families to any part of chromosome
11p.219,220 On the whole, the data suggest that
germ line mutations in any one of at least three
different genes (ie, WT1, the BWS gene, and at

least one nonchromosome 11p gene) can predis-
pose to Wilms tumor. Whether a combination of
inherited and somatic mutations in more than
one of these genes is ultimately required for the
transformation of a developing kidney cell into a
Wilms tumor, or whether alternative genetic
pathways for the development of Wilms’ tumors
exist, remains to be established. The genetic het-
erogeneity seen in Wilms tumor provides an
important contrast to the apparently less-com-
plex genetic pathway of retinoblastoma.

NF1 AND NF2 GENES

NF1 GENE von Recklinghausen or type 1 neu-
rofibromatosis (NF1) is a dominantly inherited
syndrome with variable disease manifestations,
but the consistent feature is that tissues derived
from the neural crest are most commonly
affected. In addition to the nearly uniform devel-
opment of neurofibromas, NF1 patients are at
elevated risk of developing pheochromocy-
tomas, schwannomas, neurofibrosarcomas, and
primary brain tumors.221–223 The NF1 gene was
initially localized to the pericentromeric region
of chromosome 17q by linkage analyses.224,225

Subsequently, karyotype studies of two NF1
patients identified germ line chromosomal rear-
rangements involving band 17q11.226,227 In fur-
ther work, both patients were found to have
genetic alterations of a localized region of band
17q11. Intensive positional cloning efforts in this
chromosome region led to the identification of
the NF1 gene in 1991.228–230 The NF1 gene is
large, spanning roughly 350 kb of DNA, and it
encodes a protein product with a molecular mass
of about 300 kilodaltons (kDa).222,223,231

Although germ line mutations in the NF1 gene
are believed to underlie the development of the
associated disease features in all or very nearly
all NF1 patients, specific germ line NF1 muta-
tions have been identified in approximately one-
half to two-thirds of NF1 patients.222,223,231,232

Difficulties in identifying germ line mutations in
the NF1 gene in the remaining NF1 patients may
be a result of the inherent inefficiencies and
insensitivity associated with mutation detection
strategies in such a large gene.

In addition to germ line NF1 mutations in
those patients with NF1, the NF1 gene is affected
by somatic mutations in a fraction of colon can-
cers, melanomas, neuroblastomas, and bone
marrow cells from patients with the myelodys-
plastic syndrome.223,231,233–235 Consistent with
its presumed tumor-suppressor role, the muta-
tions inactivate NF1. Studies of leukemias aris-
ing in pediatric neurofibromatosis patients pro-
vide the clearest evidence that both copies of the
NF1 gene are inactivated during tumorigene-
sis,236 as predicted by the Knudson model. Like
the RB1, p53, and APC genes, the NF1 gene is
expressed ubiquitously. Thus, as for other inher-
ited cancer syndromes, the basis for the tissue
specificity of the malignant tumors seen in neu-
rofibromatosis patients (predominantly neurofi-
brosarcomas, leukemias, and primary brain
tumors) remains puzzling. The NF1 protein

product, termed neurofibromin, is a cytoplasmic
protein with high similarity to guanosine 
triphosphate (GTPase)-activating proteins
(GAPs).223,237–239 Perhaps the best studied GAP
is Ras-GAP, which markedly enhances the
GTPase activity of the wild-type K-Ras, H-Ras,
and N-Ras proteins. Although the means through
which NF1 defects alter cell growth is not well
understood, it is likely that inactivation of neu-
rofibromin function leads to alterations in sig-
naling pathways regulated by small Ras-like G
proteins. Interestingly, NF1 null mice do not
develop neurofibromas, but NF1 null, p53 null
mice do, implicating p53 loss as a necessary step
in the pathogenesis of this disease.240,241

NF2 GENE Neurofibromatosis type 2 (NF2,
also known as central neurofibromatosis) is an
autosomal dominant disorder that is distinct
from NF1 on both genetic and clinical
grounds.223,242,243 A hallmark of NF2 is the
occurrence of bilateral schwannomas that affect
the vestibular branch of the eighth cranial nerve
(acoustic neuromas). NF2 patients are also at
elevated risk for meningiomas, spinal schwanno-
mas, and ependymomas. The NF2 gene was
mapped to chromosome 22q by a combination of
linkage analyses and LOH studies,244–246 and
cloned, in 1993, via positional cloning
approaches.247,248 Germ line mutations inacti-
vating the NF2 gene were observed in those
patients with NF2, and somatic NF2 mutations
were also seen in a subset of sporadic (non–NF2-
associated) schwannomas and meningiomas.
Somatic NF2 mutations in most other tumor
types appear to be infrequent. However, prelimi-
nary studies indicate that the NF2 gene may be
frequently affected by somatic mutations in
malignant mesotheliomas,249 despite this tumor
type not being seen at increased frequency in
patients with NF2.242 The NF2 gene encodes a
protein with strong similarity to a cytoskeletal
protein family thought to act as linker proteins
between integral membrane proteins and scaf-
folding proteins of the filamentous submem-
brane lattice.248 Consequently, NF2 gene alter-
ations might contribute to tumor development, at
least in part, via effects on cell shape, cell–cell
interactions, and/or cell movement. Mouse stud-
ies confirm the importance of NF2 in tumor
development. Although NF2 null mice typically
develop osteosarcomas and not schwannomas,
recent studies that used a conditional NF2 inacti-
vation system in mouse Schwann cells appear to
recapitulate the disease phenotype seen in
humans.250

VHL GENE

von Hippel-Lindau (VHL) syndrome is a rare
dominant disorder predisposing affected individ-
uals to the development of hemangioblastomas
of the central nervous system and retina, as well
as renal carcinomas of clear cell type and
pheochromocytomas.251–253 The VHL gene was
mapped to chromosome 3p by linkage analysis.
Similar to the situation with many other inherited
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cancer genes, LOH studies established that the
VHL gene behaves as a typical tumor-suppressor
gene, with both alleles inactivated during
tumorigenesis.253,254 Positional cloning efforts
identified the VHL gene in 1993.255 Germ line
mutations inactivating one VHL allele are seen in
the majority of individuals in families displaying
features of the VHL syndrome.251–253 As with
some other inherited cancer syndromes, prelimi-
nary genotype–phenotype relationships have
been observed. Specifically, a certain class of
VHL germ line mutations is associated with the
development of renal cancer only, a second class
of germ line mutations is linked to predisposition
to both renal cancer and pheochromocytoma,
and yet a third mutation class is associated only
with pheochromocytoma.253 Somatic mutations
in the VHL gene are also seen in upwards of 80%
of sporadic renal cell carcinomas of the clear cell
type, but not in renal cell carcinomas of other
histopathologic types (eg, papillary type).251,253

Approximately 20% of sporadic clear cell renal
cancers do not carry a detectable mutation in the
VHL gene. However, in many of these cases, the
VHL gene may be inactivated by methylation of
its transcriptional regulatory sequences,256 a
mechanism described earlier because of its asso-
ciation with inactivation of the INK4a locus in
certain tumors. In tumor types other than clear
cell renal cancer, inactivation of the VHL gene by
somatic mutations or other mechanisms (eg, pro-
moter methylation) appears to be uncommon.253

The VHL gene encodes a 213-amino-acid
protein that was initially found to form a complex
with the B and C subunits of the elongin or SIII
transcriptional elongation factor complex, a pro-
tein complex that may regulate transcriptional
elongation by RNA polymerase II.252,257–259

More recent studies show that the VHL and the
elongin B and C proteins are present in several
multiprotein complexes in the cytoplasm. One
such complex may regulate proteolytic degrada-
tion of other cellular proteins.260,261 Recent stud-
ies suggest a link between VHL loss of function
and the tumor’s characteristic neoangiogenic fea-
tures.262,263 The VHL gene product apparently
degrades hypoxia-inducing factor (HIF)-alpha
under normal conditions of oxygenation. Pre-
sumably in the absence of VHL, HIF-α, which is
a transcription factor, will modulate the transcrip-
tion of genes that are normally expressed (or
repressed) only under conditions of hypoxia. This
would likely include those genes that are involved
with angiogenesis. Further detailed biochemical
and cell biology studies on VHL and renal cell
carcinomas are likely to offer definitive insights
into the function of the VHL protein in normal
and neoplastic cells, and the basis for the tumor
spectrum seen in individuals carrying germ line
VHL mutations.

DNA REPAIR PATHWAY GENES

At the outset of the chapter, tumor-suppressor
genes were defined as those genes inactivated
by germ line or somatic mutations in cancer. It
was also emphasized that DNA damage-

recognition and repair genes constitute a subset
of the tumor-suppressor gene class, because
they are affected by inactivating mutations in
cancer. Whereas tumor-suppressor genes such
as RB1, p53, APC, and INK4a appear to have
active roles in regulating cell growth and/or
apoptosis, the DNA damage-recognition and
repair genes can arguably be viewed as having
more passive roles in processes controlling
growth. Distinguishing between what consti-
tutes a growth-regulating tumor-suppressor
gene versus a DNA repair-type tumor-suppres-
sor gene may be difficult because some tumor-
suppressor genes, including perhaps p53,
BRCA1, and BRCA2, may ultimately be estab-
lished to have functions in both growth control
and DNA repair. Nevertheless, based on present
data, there is a reasonable basis to suggest that
loss-of-function mutations in both alleles of cer-
tain DNA repair pathway genes, such as the
DNA mismatch repair genes, probably do not
directly alter cell growth. Rather, inactivation of
DNA mismatch repair activity likely contributes
to cancer via an increased frequency of muta-
tions in other cellular genes, particularly genes
that are rate determining in tumor development.

Several recessive cancer predisposition syn-
dromes resulting from inactivation of genes that
function in DNA damage recognition and repair
have been well described, including ataxia-
telangiectasia (AT), Bloom syndrome, xero-
derma pigmentosum, and Fanconi anemia. In
each case, the specific cancer types and DNA-
damaging agents that increase cancer risk are
essentially distinct. Although AT heterozygotes
may have a subtly increased risk of breast can-
cer,264 in other recessive cancer syndromes, only
homozygotes appear to have a clearly increased
cancer risk. This observation contrasts sharply
with the picture in the dominant cancer predis-
position syndromes discussed earlier (eg, inher-
ited retinoblastoma, familial adenomatous poly-
posis, NF1, and NF2), where heterozygotes have
a clearly elevated cancer risk. Furthermore, as
discussed earlier, the basis for increased cancer
risk in an individual with a dominant cancer syn-
drome attributable to a germ line tumor-suppres-
sor mutation (eg, RB1 or APC mutation) is that
cancers arise following inactivation of the
remaining normal copy of the gene by a second
“hit” in somatic cells (ie, the Knudson hypothe-
sis). Therefore, it seems reasonable to argue that
second “hits” in tumor-suppressor genes of the
type that underlie dominant cancer syndromes
must have considerably more potent effects on
initiating cancer development than second “hits”
in tumor-suppressor genes of the type that under-
lie recessive cancer syndromes.

In light of these considerations and because
recessive cancer syndromes are quite rare, our
discussion of the role of DNA repair genes in
cancer focuses on DNA mismatch repair gene
mutations and HNPCC. The DNA mismatch
repair (MMR) genes are also worthy of a more
complete discussion because the genes appear to
be inactivated in a considerable subset of spo-

radic cancers, including roughly 10 to 20% of
colorectal, endometrial, and gastric cancers.

DNA MISMATCH REPAIR GENE DEFECTS AND

HNPCC As for breast cancer, familial clus-
tering of colon cancer has long been recog-
nized, with perhaps 10 to 20% of all colon can-
cers attributable to the inheritance of a gene
defect with a strong effect on cancer risk. Germ
line APC mutations are responsible for 0.5 to
1% of colorectal cancer cases in the Western
world, and HNPCC is responsible for approxi-
mately 2 to 4%.265–268 Diagnosis of HNPCC is
problematic when only clinical criteria is used.
First, overt clinical f indings prior to cancer
diagnosis, such as the florid intestinal polyposis
seen in individuals with FAP, are lacking in
individuals with HNPCC. Second, there is
always a likelihood of chance clustering of can-
cer within a family for a common malignancy
such as colorectal cancer. Nevertheless, diag-
nostic criteria for identifying those individuals
and families most likely to be affected by
HNPCC have been determined.265–268 Repre-
sentative diagnostic criteria include (1) exclu-
sion of familial polyposis; (2) colorectal cancer
in at least three relatives, one of them being a
first-degree relative of the others; (3) two or
more successive generations affected; and (4) at
least one of the affected individuals being
younger than 50 years of age at the time of diag-
nosis. Even though not all individuals affected
by HNPCC meet these criteria, the criteria are
useful for excluding familial aggregations of
colorectal cancer that are likely to have a
genetic basis distinct from that underlying the
majority of HNPCC cases.266,267

Several genes responsible for HNPCC have
been identified, including two on chromosome
2p (MSH2 and MSH6) and another on chromo-
some 3p (MLH1). Together, germ line mutations
in the MSH2 and MLH1 genes account for virtu-
ally all classic HNPCC cases.266–270 The protein
products of the MSH2 and MLH1 genes appear
to have critical roles in the recognition and repair
of DNA mismatches (Figure 7-10). A number of
other gene-encoding proteins that function in
mismatch repair have been identified, and muta-
tions inactivating the PMS2 and MSH6 genes
have been seen in a small fraction of those with
HNPCC.266–271

In cells with one normal and one mutant
allele of a DNA mismatch repair gene, DNA
repair is minimally impaired, if at all. However,
inactivation of the remaining allele can occur as
a result of somatic mutation in an initiated cell
population during the earliest stages of tumor
development. Once the cell acquires impaired
mismatch repair function, for instance, as a
result of inactivation of both alleles of either
MSH2 or MLH1, hundreds of errors/mutations
may arise and fail to be repaired during each
cell-division cycle. Because these mutations
preferentially arise in mononucleotide, dinu-
cleotide, and trinucleotide repeat tracts (ie,
microsatellite sequence tracts) the phenotype is
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often referred to as the microsatellite instability
(MSI) phenotype.

Germ line mutations in the known MMR
genes have only been detected in 2 to 4% of col-
orectal cancer patients, although approximately
10 to 15% of all colon cancers display the MSI
phenotype.267–270,272–274 It is clear that only a
small fraction of the sporadic colorectal cancers
with the MSI phenotype develop as the result of
a germ line mutation in a known mismatch repair
gene. Somatic mutations in mismatch repair
genes have been found in some sporadic col-
orectal cancers with the MSI phenotype.275 In
most sporadic cases, however, inactivation of the
MLH1 gene occurs in association with methyla-
tion of its promoter.276,277 The basis for the inac-
tivation and the molecular mechanism(s) under-
lying the methylation are unknown.

Many of the mutations arising in cells with
MMR deficiency are likely to be detrimental to
cell growth or even lethal. A small fraction of the
total mutations that arise presumably activate
oncogenes or inactivate tumor-suppressor genes.
Some genes are preferentially mutated in MMR-
deficiency cancers, presumably because these
mutations confer a selective growth advantage.
For instance, genes that contain repetitive DNA
sequences, such as microsatellite tracts, might be
expected to be targets of mutation in these can-
cers and data support this prediction. An exam-
ple of a gene containing a mononucleotide repeat
tract in its coding sequence, and that is fre-
quently inactivated in colorectal cancers with
MMR-deficiency, is the type II receptor for
transforming growth factor-β (TGF-β).

The TGF-β type II receptor is a compelling
candidate tumor-suppressor gene, as both copies
of the gene are inactivated by mutations in more
than 90% of MSI colorectal cancers.278,279 The
TGF-β cytokine is known to inhibit the growth
of many epithelial cells. Intriguingly, a recent
study has suggested that germ line mutations in
the cytoplasmic domain of the TGF-β type II
receptor is associated with HNPCC,280 although
it will be important to confirm this observation
in additional HNPCC kindreds. Finally, a down-
stream effector of the TGF-β pathway, Smad4
(also called DPC4), was recently identified as a
tumor-suppressor gene. SMAD4 is somatically
mutated in 45 to 50% of pancreatic cancers, in 10
to 20% of colorectal cancers, and in a very small
fraction of other cancers.281–283 Germ line inac-
tivating mutations in SMAD4 are found in a
major fraction of patients with juvenile polypo-
sis syndrome (JPS).284 Those patients with JPS
develop benign (hamartomatous, not adenoma-
tous) polyps of the intestinal tract and are at
increased risk of colorectal and gastric cancer.

Another recently suggested candidate for
somatic inactivation in MMR-deficient colorec-
tal cancers is the BAX gene,285 which is a poten-
tial p53-regulated gene encoding a Bcl-2-related
pro-apoptotic protein. Finally, there are data
suggesting that gain-of-function mutations in β-
catenin arise preferentially in MSI colon can-
cers,164,165,286 although the β-catenin mutations

are not present in a microsatellite tract. These
mutation comparisons emphasize that it is the
pathways rather than the specific genes that are
best considered as targets of mutations. In
MMR-proficient cancers, APC is much more
frequently mutated than β-catenin, while the
reverse is true for MMR-deficient cancers; these
mutations have similar effects on the pathways
through which APC and β-catenin control
growth. Similarly, p53 is more often mutated
than BAX and SMAD4 is more often mutated
than TGF-β RII in MMR-proficient cancers,
while the reverse is true for MMR-deficient can-
cers. This is one example of the ways in which
the spectrum of somatic mutations in specific
cancers can provide important clues to patho-
genesis.

CANDIDATE TUMOR-SUPPRESSOR
GENES

The tumor-suppressor genes discussed above
and others summarized in Table 7-1 are distin-
guished by the fact that germ line-inactivating
mutations in the genes are associated with inher-
ited cancer predisposition. The link between
germ line mutation and elevated cancer risk pro-
vides incontrovertible evidence of the gene’s role
in tumorigenesis. Other findings, such as the
demonstration in sporadic cancers of LOH of
one tumor-suppressor gene allele accompanied
by somatic mutation of the remaining allele,
offer evidence for a more widespread role for
many of the inherited cancer genes. Although the
tumor-suppressor genes in Table 7-1 are defini-
tively linked to inherited cancer syndromes, it is
possible that germ line mutations in other bona
fide tumor-suppressor genes may be associated
with minimal cancer risk. Tumor-suppressor

genes of this type could still be frequently inac-
tivated by somatic mutations in sporadic forms
of cancer, although their principal role might
relate to tumor progression rather than tumor ini-
tiation. Such genes are enumerated in Table 7-2.
Because the evidence in favor of these genes’
involvement does not include predisposition
when inherited in mutant form, they should
largely be viewed as “candidate” tumor-suppres-
sor genes rather than as bona fide tumor-sup-
pressor genes. Further functional and biochemi-
cal data is required to change their status from
“candidate” to “culprit.”

An increasing number of genes with
decreased or absent expression in cancers are
being discovered. These genes are sometimes
termed tumor suppressors solely on the basis
simply of their reduced expression and are not
listed in Table 7-2. Other genes with the capabil-
ity to antagonize the tumorigenic or in vitro
growth properties when overexpressed in cancer
cell lines have also been termed tumor suppres-
sors and are also not listed in Table 7-2. Some of
these genes may, indeed, have critical roles in
growth regulation. However, the altered expres-
sion of many genes in cancers simply reflects the
altered growth and differentiation properties of
cancer cells and their abnormal microenviron-
ment when compared to normal cells in the tis-
sue or organ from which the cancer arose. More-
over, many genes that play no role in cancer can
dramatically alter cell growth when expressed
exogenously at high and nonphysiologic levels.
In the end, the mutational and functional evi-
dence should be carefully weighed before con-
cluding that a gene has a causal role in tumorige-
nesis and whether it should appropriately be
designated as a tumor-suppressor gene.
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Figure 7-10 Mismatch repair pathway in human cells. A and
B, During DNA replication, DNA mismatches may arise, such
as from strand slippage (shown) or misincorporation of bases
(not shown). C, The mismatch is recognized by MutS
homologs, perhaps most often MSH2 and GTBP/MSH6,
although another MutS homolog, MSH3, may substitute for
GTBP/MSH6 in some cases. D and E, MutL homologs, such
as MLH1 and PMS2, are recruited to the complex and the mis-
match is repaired through the action of a number of proteins,
including an exonuclease, helicase, DNA polymerase, and lig-
ase. (Modified and reproduced with permission from Kinzler
KW, Vogelstein B. Lessons from hereditary colorectal cancer.
Cell 1996;87:159–70.)
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SUMMARY

There is now overwhelming evidence that muta-
tions in tumor-suppressor genes are the major
molecular determinants of most common human
cancers. However, the first convincing experimen-
tal evidence that tumorigenesis might result, at
least in part, from the inactivation of normal cel-
lular genes with essential roles in growth regula-
tion was presented only 30 years ago. Additional
evidence for the existence of tumor-suppressor
genes and their importance in tumorigenesis

emerged gradually from somatic cell genetic and
epidemiologic studies, as well as from studies,
using cytogenetic and molecular genetic tech-
niques, of chromosome losses in tumor cells. In
the last 15 years, more than 30 tumor-suppressor
genes have been identified by molecular cloning
techniques. In some cases, these genes are inacti-
vated in the germ line and their inactivation pre-
disposes to cancer. Far more frequently, these
same tumor-suppressor genes are inactivated by
somatic mutations during tumor development.
Although we have learned much about tumor-

suppressor genes, a great deal of work remains. A
more complete description of tumorigenesis will
undoubtedly emerge with the identification of
additional tumor-suppressor genes, the detailed
characterization of their normal cellular functions,
and the elucidation of the frequency and spectrum
of mutations and other mechanisms that inactivate
these genes and their protein products in human
tumors. The findings will not only provide new
insights into cancer pathogenesis, but should also
prove critical in improving the diagnosis and
management of patients with cancer.

Table 7-1 Selected Tumor Suppressor Genes and Associated Protein Function

Gene Associated inherited cancer syndrome Cancers with somatic mutations Presumed function of protein

RB1 Familial retinoblastoma Retinoblastoma, osteosarcoma, SCLC, breast, Transcriptional regulator; E2F binding
prostate, bladder, pancreas, esophageal, others

TP53 Li-Fraumeni syndrome Approximately50% of all cancers (rare in some types, Transcription factor; regulates cell 
such as prostate carcinoma and neuroblastoma) cycle and apoptosis

aINK4a
p16 Familial melanoma, Approximately 25-30% of many different cancer types Cyclin-dependent kinase inhibitor

Familial pancreatic carcinoma (eg, breast, lung, pancreatic, bladder) (ie, Cdk4 and Cdk6)
p19ARF ?Familial melanoma? Approximately 15% of many different cancer types Regulates Mdm-2 protein stability

and hence p53 stability; alternative
reading frame of p16/INK4a gene

APC Familial adenomatous polyposis Colorectal, desmoid tumors, thyroid cancers, Regulates levels of β-catenin protein
coli (FAP), Gardner syndrome, stomach cancers in the cytosol; binding to microtubules

Turcot syndrome
BRCA1 Inherited breast and ovarian cancer Ovarian (~10%), rare in breast cancer DNA repair; complexes with Rad 51

and BRCA2; transcriptional regulation
BRCA2 Inherited breast (both female and Rare mutations in pancreatic, ?others/ DNA repair; complexes with Rad 51 

male), pancreatic cancer, ?others? and BRCA1
WT-1 WAGR, Denys-Drash Syndrome Wilms’ tumor Transcription factor
NF-1 Neurofibromatosis type 1 Melanoma, neuroblastoma p21ras-GTPase
NF-2 Neurofibromatosis type 2 Schwannoma, meningioma, ependymoma Juxtamembrane link to cytoskeleton
VHL von-Hippel Lindau syndrome Renal (clear cell type), hemangioblastoma Regulator of protein stability
MEN-1 Multiple endocrine neoplasia type 1 Parathyroid adenoma, pituitary adenoma, Not known

Endocrine tumors of the pancreas enocrine tumors of the pancreas
PTCH Gorlin syndrome, hereditary Basal cell skin carcinoma, medulloblastoma Transmembrane receptor for sonic

basal cell carcinoma syndrome hedgehog factor; negative regulator 
of smoothened protein

PTEN/MMAC1 Cowden syndrome; sporadic cases Glioma, breast, prostate, follicular thyroid Phosphoinositide 3-phosphatase;
of juvenile polyposis syndrome carcinoma, head and neck squamous carcinoma protein tyrosine phosphatase

DPC4 Familial juvenile polyposis Pancreatic(~50%), approximately 10–15% of Transcriptional factor in TGF-β
syndrome colorectal cancers, rare in others signaling pathway

E-CAD Familial diffuse-type gastric cancer; Gastric (diffuse type), lobular breast Cell-cell adhesion molecule
lobular breast cancer carcinoma, rare in other types (eg, ovarian)

LKB1/STK1 Peutz-Jeghers syndrome Rare in colorectal, not known in others Serine/threonine protein kinase
SNF5/INI1 Rhabdoid predisposition syndrome Rare in rhabdoid tumors, choroid plexus Member of the SWI/SNF chromatin 

(renal or extra-renal malignant carcinoma, medulloblastoma ATP-dependent remodeling complex
rhabdoid tumors), choroid plexus 
carcinoma medulloblastoma; central
primitive neuroectodermal tumors)

EXT1 Hereditary multiple exostoses Not known Glycosyltransferase; heparan sulfate 
chain elongation

EXT2 Hereditary multiple exostoses Not known Glycosyltransferase; heparan sulfate 
chain elongation

TSC1 Tuberous sclerosis Not known Not known; cytoplasmic vesicle
localization

TSC2 Tuberous sclerosis Not known Putative GTPase activating protein
for Rap1 and rab5; Golgi localization

MSH2, MLH1 Hereditary non-polyposis Colorectal, gastric, endometrial DNA mismatch repair
PMS1, PMS2, MSH6 colorectal cancer

aNote that the INK4a gene encodes two distinct protein products as a result of alternative splicing (see text).

Table modified from Table 1 of Fearon ER.  Tumor suppressor genes. In: Vogelstein B, Kinzler KW, editors  The genetic basis of human cancer, 2nd ed.  McGraw-Hill: New York, NY. 1999: p. 233.



102 SECTION 1  /  Cancer Biology

REFERENCES
1. Broca PP. Etiologie des productions accidentelles.Traite

des Tumerus. 1866:p.147-57.
2. Haaland M. Spontaneous tumors in mice. Sci Rep Invest

Imp Cancer Res Fund 1911;4:1.
3. Warthin AS. Heredity with reference to carcinoma as

shown by the study of the cases examined in the patho-
logical library of the University of Michigan,
1895–1913. Arch Intern Med 1913;12:546.

4. Boveri T. The origin of malignant tumors. Baltimore:
Williams & Wilkins, 1929.

5. Rous P. A transmissible Avian neoplasn, (sarcoma of the
common fowl. J Exp Med 1910;12:696-705.

6. Ephrussi B, Davidson RL, Weiss MC, et al. Malignancy of
somatic cell hybrids. Nature 1969;224:1314–6.

7. Harris H. The analysis of malignancy in cell fusion: the
position in 1988. Cancer Res 1988;48:3302–6.

8. Amundsen SA, Myers TG, Fornace AJ Jr. Roles for p53 in
growth arrest and apoptosis: putting on the brakes after
genotoxic stress. Oncogene 1998;17:3287–99.

9. Versteege I, Sevenet N, Lange J, et al. Truncating mutations
of hSNF5/INI1 in aggressive paediatric cancer. Nature
1998;394:203–6.

10. Stanbridge EJ, Der CJ, Doersen CJ, et al. Human cell
hybrids: analysis of transformation and tumorigenicity.
Science 1982;215:252–9.

11. Stanbridge EJ, Cavenee WK. Heritable cancer and tumor-
suppressor genes: a tentative connection. In: Weinberg
RA, editor. Oncogenes and the molecular origins of can-
cer. Cold Spring Harbor, NY: Cold Spring Harbor Lab-
oratory; 1989. p. 281–306.

12. Geiser AG, Der CJ, Marshall CJ, Stanbridge EJ. Suppres-
sion of tumorigenicity with continued expression of the
c-Ha-ras oncogene in EJ bladder carcinoma–human
fibroblast hybrid cells. Proc Natl Acad Sci U S A
1986;83:5209–13.

13. Saxon PJ, Srivatsan ES, Stanbridge EJ. Introduction of
human chromosome 11 via microcell transfer controls
tumorigenic expression of HeLa cells. EMBO J
1986;5:3461–6.

14. Weissman BE, Saxon PJ, Pasquale SR, et al. Introduction
of a normal human chromosome 11 into a Wilms’ tumor
cell line controls its tumorigenic expression. Science
1987;236:175–80.

15. Knudson AG. Mutation and cancer: statistical study of
retinoblastoma. Proc Natl Acad Sci U S A 1971;68:820–3.

16. Orye E, Delbeke MJ, Vandenabeele B. Retinoblastoma and

long arm deletion of chromosome 13. Attempts to
define the deleted segment. Clin Genet 1974;5:457–64.

17. Francke U. Retinoblastoma and chromosome 13. Cyto-
genet Cell Genet 1976;16:131–4.

18. Sparkes RS, Sparkes MC, Wilson MG, et al. Regional
assignment of genes for human esterase D and
retinoblastoma to chromosome band 13q14. Science
1980;208:1042–4.

19. Sparkes RS, Murphree AL, Lingua RW, et al. Gene for
hereditary retinoblastoma assigned to human chromo-
some 13 by linkage to esterase D. Science
1983;219:971–3.

20. Benedict WF, Murphree AL, Banerjee A, et al. Patient with
13 chromosome deletion: evidence that the retinoblas-
toma gene is a recessive cancer gene. Science
1983;219:973–5.

21. Knudson AG Jr. Hereditary cancer, oncogenes, and
antioncogenes. Cancer Res 1985;45:1437–43.

22. Cavenee WK, Dryja TP, Phillips RA, et al. Expression of
recessive alleles by chromosomal mechanisms in
retinoblastoma. Nature 1983;305:779–84.

23. Cavenee WK, Hansen MF, Nordenskjold M, et al. Genetic
origin of mutations predisposing to retinoblastoma. Sci-
ence 1985;228:501–3.

24. Hansen MF, Koufos A, Gallie BL, et al. Osteosarcoma and
retinoblastoma: a shared chromosomal mechanism
revealing recessive predisposition. Proc Natl Acad Sci
U S A 1985;82:6216–20.

25. Hansen MF, Cavenee WK. Genetics of cancer predisposi-
tion. Cancer Res 1987;47:5518–27.

26. Dryja TP, Rapaport JM, Joyce JM, Petersen RA. Molecular
detection of deletions involving band q14 of chromo-
some 13 in retinoblastomas. Proc Natl Acad Sci U S A
1986;83:7391–4.

27. Friend SH, Bernards R, Rogelj S, et al. A human DNA
segment with properties of the gene that predisposes to
retinoblastoma and osteosarcoma. Nature 1986;
323:643–6.

28. Lee WH, Bookstein R, Hong F, et al. Human retinoblas-
toma susceptibility gene: cloning, identification, and
sequence. Science 1987;235:1394–9.

29. Fung YK, Murphree AL, T’Ang A, et al. Structural evi-
dence for the authenticity of the human retinoblastoma
gene. Science 1987;236:1657–61.

30. Friend SH, Horowitz JM, Gerber MR, et al. Deletions of a
DNA sequence in retinoblastomas and mesenchymal
tumors: organization of the sequence and its encoded
protein [published erratum appears in Proc Natl Acad

Sci U S A 1988;85:2234]. Proc Natl Acad Sci U S A
1987;84:9059–63.

31. Dunn JM, Phillips RA, Zhu X, et al. Mutations in the RB1
gene and their effects on transcription. Mol Cell Biol
1989;9:4596–604.

32. Goddard AD, Balakier H, Canton M, et al. Infrequent
genomic rearrangement and normal expression of the
putative RB1 gene in retinoblastoma tumors. Mol Cell
Biol 1988;8:2082–8.

33. Weichselbaum RR, Beckett M, Diamond A. Some
retinoblastomas, osteosarcomas, and soft tissue sarco-
mas may share a common etiology. Proc Natl Acad Sci
U S A 1988;85:2106–9.

34. Yandell DW, Campbell TA, Dayton SH, et al. Oncogenic
point mutations in the human retinoblastoma gene: their
application to genetic counseling. N Engl J Med
1989;321:1689–95.

35. Lohmann DR. RB1 gene mutations in retinoblastoma.
Hum Mutat 1999;14:283–8.

36. Lohmann DR, Brandt B, Hopping W, et al. The spectrum of
RB1 germ-line mutations in hereditary retinoblastoma.
Am J Hum Genet 1996;58:940–9.

37. Huang HS, Yee J, Shew J, et al. Suppression of the neo-
plastic phenotype by replacement of the Rb gene in
human cancer cells. Science 1988;242:1563–6.

38. Bookstein R, Shew J, Chen P, et al. Suppression of tumori-
genicity of human prostate carcinoma cells by replacing
a mutated Rb gene. Science 1990;247:712–5.

39. Kaelin WG. Functions of the retinoblastoma protein.
Bioessays 1999;21:950–8.

40. Sellers WR, Kaelin WG Jr. Role of the retinoblastoma pro-
tein in the pathogenesis of human cancer. J Clin Oncol
1997;15:3301–12.

41. Whyte P, Buchkovich KJ, Horowitz JM, et al. Association
between an oncogene and an anti-oncogene: the aden-
ovirus E1A proteins bind to the retinoblastoma gene
product. Nature 1988;334:124–9.

42. Moran E, Matthews MB. Multiple functional domains in
the adenovirus E1A gene. Cell 1987;48:177–8.

43. Whyte P, Williamson NM, Harlow E. Cellular targets for
transformation by the adenovirus E1A proteins. Cell
1989;56:67–75.

44. DeCaprio JA, Ludlow JW, Figge J, et al. SV40 large tumor
antigen forms a specific complex with the product of the
retinoblastoma susceptibility gene. Cell 1988;54:275–83.

45. Dyson N, Howley P, Munger K, Harlow E. The human
papillomavirus-16 E7 oncoprotein is able to bind to the
retinoblastoma gene product. Science 1989;243:934–7.

Table 7-2 Selected Candidate Tumor-Suppressor Genes and Their Encoded Proteins

Gene Cancers with somatic mutations Protein Function Comments

TGF-β type II R RER+ colorectal and gastric cancer, TGF-β receptor component Both alleles inactivated in RER+ cancers with  mutations;
head and neck, lung, and esophageal mutations infrequent in non-RER+ cancers; germline variant
squamous cell carcinoma allele proposed to be associated with “HNPCC-like” phenotype

BAX RER+ colorectal Pro-apoptotic factor Mutations are heterozygous (1 allele) in the majority of
cancers; ? genetically unstable microsatellite tract vs. specific
target for inactivation?

FHIT Lung, cervical, renal, others Dinucleoside polyphosphate Mutations detected in ~5-10% of cancers; majority of mutations
hydrolase affect non- coding sequences; aberrant splicing and reduced 

RNA and protein levels are common; ? genetically unstable 
locus vs. specific target for inactivation?

α-CAT Some prostate and lung, ?others Links E-cadherin cell adhesion Mutations present in a small fraction of cancers
complex to cytoskeleton

DCC Some colorectal, neuroblastoma, Netrin-1 receptor component; Mutations rarely detected; decreased or absent expression is
male germ cell cancer, gliomas, regulates cell migration and seen in > 50% of a variety of cancer types
?others ? apoptosis

MADR2/SMAD2 Some colorectal Transcription factor/signaling Mutations in < 5% of colorectal and other cancers (e.g., gastric)
molecule in TGF-β pathway

CDX2 Rare mutations in colorectal Homeobox transcription factor CDx2 +/- knockout mice are predisposed to intestinal tumors;
decreased Cdx2 protein expression in human and rodent 
colorectal tumors

MKK4 Rare mutations in pancreas, lung, Stress- and cytokine-induced
breast, and colorectal; ?others protein kinase

PP2R1B Lung, colorectal Subunit of serine/threonine Mutations are heterozygous in some cases
protein phosphatase 2A

MCC Rare mutations in colorectal Not known Mutations in about 5–10% of sporadic colorectal cancers

Table corresponds to Table 2 of Fearon ER.  Tumor suppressor genes.  In: Vogelstein B, Kinzler KW, eds.  The Genetic Basis of Human Cancer, 2nd Edition.  McGraw-Hill: New York, NY.  In press, 1999. p. 234



CHAPTER 7  /  Tumor Suppressor Genes 103

46. Buchkovich K, Duffy LA, Harlow E. The retinoblastoma
protein is phosphorylated during specific phases of the
cell cycle. Cell 1989;58:1097–105.

47. Chen PL, Scully P, Shew JY, et al. Phosphorylation of the
retinoblastoma gene product is modulated during the
cell cycle and cellular differentiation. Cell 1989;
58:1193–8.

48. Ludlow JW, DeCaprio JA, Huang CM, et al. SV40 large T
antigen binds preferentially to an underphosphorylated
member of the retinoblastoma susceptibility gene prod-
uct family. Cell 1989;56:57–65.

49. Wu L, Timmers C, Maiti B, et al. The E2F1–3 transcription
factors are essential for cellular proliferation. Nature
2001;414:457–62.

50. Ewen ME, Xing YG, Lawrence JB, Livingston DM.
Molecular cloning, chromosomal mapping, and expres-
sion of the cDNA for p107, a retinoblastoma gene prod-
uct-related protein. Cell 1991;66:1155–64.

51. Hannon GJ, Demetrick D, Beach D. Isolation of the Rb-
related p130 through its interaction with CDK2 and
cyclins. Genes Dev 1993;7:2378–91.

52. Li Y, Graham C, Lacy S, et al. The adenovirus E1A-associ-
ated 130-kD protein is encoded by a member of the
retinoblastoma gene family and physically interacts
with cyclins A and E. Genes Dev 1993;7:2366–77.

53. Helin K, Holm K, Niebuhr A, et al. Loss of the retinoblas-
toma protein-related p130 protein in small cell lung car-
cinoma. Proc Natl Acad Sci U S A 1997;94:6933–8.

54. Claudio PP, Howard CM, Fu Y, et al. Mutations in the
retinoblastoma-related gene RB2/p130 in primary
nasopharyngeal carcinoma. Cancer Res 2000;60:8–12.

55. Mulligan G, Jacks T. The retinoblastoma gene family:
cousins with overlapping interests. Trends Genet
1998;14:223–9.

56. Lipinski MM, Jacks T. The retinoblastoma gene family in
differentiation and development. Oncogene 1999;
18:7873–82.

57. Lane D, Crawford L. T antigen is bound to a host protein in
SV40-transformed cells. Nature 1979;278:261–3.

58. Linzer D, Levine A. Characterization of a 54K dalton cel-
lular SV40 tumor antigen present in SV40-transformed
cells and uninfected embryonal carcinoma cells. Cell
1979;17:43–52.

59. DeLeo AB, Jay G, Appella E, et al. Detection of a transfor-
mation-related antigen in chemically induced sarcomas
and other transformed cells of the mouse. Proc Natl
Acad Sci U S A 1979;76:2420–4.

60. Sarnow P, Ho Y, Williams J, Levine A. Adenovirus E1b-58
kd tumor antigen and SV40 large tumor antigen are
physically associated with the same 54 kd cellular pro-
tein in transformed cells. Cell 1982;28:387–94.

61. Crawford LV, Pim DC, Lamb P. The cellular protein p53 in
human tumors. Mol Biol Med 1984;2:261–72.

62. Lane D, Benchimol S. p53: oncogene or anti-oncogene?
Genes Dev 1990;4:1–8.

63. Eliyahu D, Raz A, Gruss P, et al. Participation of p53 cellu-
lar tumour antigen in transformation of normal embry-
onic cells. Nature 1984;312:646–9.

64. Jenkins JR, Rudge K, Currie GA. Cellular immortalization
by a cDNA clone encoding the transformation-associ-
ated phosphoprotein p53. Nature 1984;312:651–4.

65. Parada LF, Land H, Weinberg RA, et al. Cooperation
between gene encoding p53 tumour antigen and ras in
cellular transformation. Nature 1984;312:649–51.

66. Baker S, Fearon ER, Nigro J, et al. Chromosome 17 dele-
tions and p53 gene mutations in colorectal carcinomas.
Science 1989;244:217–21.

67. Fearon ER, Hamilton S, Vogelstein B. Clonal analysis of
human colorectal tumors. Science 1987;238:193–7.

68. Vogelstein B, Fearon ER, Hamilton S, et al. Genetic alter-
ations during colorectal-tumor development. N Engl J
Med 1988;319:525–32.

69. Nigro JM, Baker SJ, Preisinger AC, et al. Mutations in the
p53 gene occur in diverse human tumour types. Nature
1989;342:705–8.

70. Takahashi T, Nau MM, Chibu I, et al. p53, a frequent target
for genetic abnormalities in lung cancer. Science
1989;246:491–4.

71. Wolf D, Admon S, Oren M, Rotter V. Major deletions in the
gene encoding the p53 tumor antigen cause lack of p53
expression in HL-60 cells. Proc Natl Acad Sci U S A
1984;82:790–4.

72. Mowat M, Cheng A, Kimura N, et al. Rearrangements of
the cellular p53 gene in erythroleukaemic cells trans-
formed by Friend virus. Nature 1985;314:633–6.

73. Masuda H, Miller C, Koeffler HP, et al. Rearrangement of
the p53 gene in human osteogenic sarcomas. Proc Natl
Acad Sci U S A 1987;84:7716–9.

74. Ahuja H, Bar-Eli M, Advani SH, et al. Alterations of the
p53 gene and the clonal evolution of the blast crises of
chronic myelogenous leukemia. Proc Natl Acad Sci U S
A 1989;86:6783–7.

75. Eliyahu D, Goldfinger N, Pinhasi-Kimhi O, et al. Meth A
fibrosarcoma cells express two transforming mutant
p53 species. Oncogene 1988;3:313–21.

76. Eliyahu D, Michalovitz D, Eliyahu S, et al. Wild-type p53
can inhibit oncogene-mediated focus formation. Proc
Natl Acad Sci U S A 1989;86:8763–7.

77. Finlay C, Hinds P, Levine A. The p53 proto-oncogene can
act as a suppressor of transformation. Cell
1989;57:1083–93.

78. Hinds PW, Finlay C, Levin AJ. Mutation is required to acti-
vate the p53 gene for cooperation with the ras oncogene
and transformation. J Virol 1989;63:739–46.

79. Baker S, Markowitz S, Fearon ER, et al. Suppression of
human colorectal carcinoma cell growth by wild-type
p53. Science 1990;249:912–5.

80. Hollstein M, Hergenhahn M, Yang Q, et al. New
approaches to understanding p53 gene tumor mutation
spectra. Mutat Res 1999;31:199–209.

81. Malkin D, Li FP, Strong LC, et al. Germ line p53 mutations
in a familial syndrome of breast cancer, sarcomas, and
other neoplasms. Science 1990;250:1233–8.

82. Srivastava S, Zou Z, Pirollo K, et al. Germ-line transmis-
sion of a mutated p53 gene in cancer-prone family with
Li-Fraumeni syndrome. Nature 1990;348:747–9.

83. Birch JM, Hartley AL, Tricker KJ, et al. Prevalence and
diversity of constitutional mutations in the p53 gene
among 21 Li-Fraumeni families. Cancer Res
1994;54:1298–304.

84. Malkin D. p53 and the Li-Fraumeni syndrome. Biochim
Biophys Acta 1994;1198:197–213.

85. Bartek J, Falck J, Lukas J. CHK2 kinase—a busy messen-
ger. Nat Rev Mol Cell Biol 2001;2:877–86.

86. Vogelstein B, Kinzler KW. p53 function and dysfunction.
Cell 1992;70:523–6.

87. Werness BA, Levine AJ, Howley PM. Association of
human papillomavirus types 16 and 18 E6 proteins with
p53. Science 1990;248:76–9.

88. Scheffner M, Huibregtse JM, Vierstra RD, Howley PM.
The HPV-16 E6 and E6-AP complex functions as a
ubiquitin-protein ligase in the ubiquitination of p53.
Cell 1993;75:495–505.

89. Scheffner M, Münger K, Byrne JC, Howley PM. The state
of the p53 and retinoblastoma genes in human cervical
carcinoma cell lines. Proc Natl Acad Sci U S A
1991;88:5523–7.

90. Kessis T, Slebos R, Han S, et al. p53 gene mutations and
mdm2 amplification are uncommon in primary carcino-
mas of the uterine cervix. Am J Pathol 1993;
143:1398–405.

91. Crook T, Vousden KH. Properties of p53 mutations
detected in primary and secondary cervical cancers sug-
gest mechanisms of metastasis and involvement of envi-
ronmental carcinogens. EMBO J 1992;11:3935–40.

92. Oliner JD, Kinzler KW, Meltzer PS, et al. Amplification of
a gene encoding a p53-associated protein in human sar-
comas. Nature 1992;358:80–3.

93. Momand J, Zambetti GP, Olson DC, et al. The MDM2
oncogene product forms a complex with the p53 protein
and inhibits p53-mediated transactivation. Cell
1992;691:1237–45.

94. Haupt Y, Maya R, Kazaz A, Oren M. Mdm2 promotes the
rapid degradation of p53. Nature 1997;387:296–9.

95. Juven-Gershon T, Oren M. Mdm2: the ups and downs. Mol
Med 1999;5:71–83.

96. Leach FS, Tokino T, Meltzer P, et al. p53 mutations and
MDM2 amplification in human soft tissue sarcomas.
Cancer Res 1993;53:2231–4.

97. Montes de Oca Luna R, Wagner DS, Lozano G. Rescue of
early embryonic lethality in mdm2-deficient mice by
deletion of p53. Nature 1995;378:203–6.

98. Vogelstein B, Lane D, Levine AJ. Surfing the p53 network.
Nature 2000;408:307–10.

99. el-Deiry WS. Regulation of p53 downstream genes. Semin
Cancer Biol 1998;8:345–57.

100. el-Deiry WS, Tokino T, Velculescu VE, et al. WAF1, a
potential mediator of p53 tumor suppression. Cell
1993;75:817–25.

101. Kastan M, Zhan Q, El-Diery W, et al. A mammalian cell
cycle checkpoint pathway utilizing p53 and GADD45 is
defective in ataxia-telangiectasia. Cell 1992;71:587–98.

102. Hermeking H, Lengauer C, Polyak K, et al. 14–3–3 Sigma
is a p53-regulated inhibitor of G2/M progression. Mol
Cell 1997;1:3–11.

103. Nakano K, Vousden KH. Puma, a novel pro-apoptotic gene,
is induced by p53. Mol Cell 2001;7:683–94.

104. Yu J, Zhang L, Hwang P. et al. PUMA induces the rapid
apoptosis of colorectal cancer cells. Mol Cell
2001;7:673–82.

105. Polyak K, Xia Y, Zweier JL, et al. A model for p53-induced
apoptosis. Nature 1997;389:300–5.

106. Murphy M, Hinman A, Levine AJ. Wild-type p53 nega-
tively regulates the expression of a microtubule-associ-
ated protein. Genes Dev 1996;10:2971–80.

107. Wang Q, Beck WT. Transcriptional suppression of mul-
tidrug resistance-associated protein (MRP) gene
expression by wild-type p53. Cancer Res 1998;
58:5762–9.

108. Ahn J, Murphy M, Kratowicz S, et al. Down-regulation of
the stathmin/Op18 and FKBP25 genes following p53
induction. Oncogene 1999;18:5954–8.

109. Cho YJ, Gorina S, Jeffrey PD, Pavletich NP. Crystal structure
of a p53 tumor suppressor DNA complex—understand-
ing tumorigenic mutations. Science 1994;265:346–55.

110. Bunz F, Dutriaux A, Lengauer C, et al. Requirement for
p53 and p21 to sustain G2 arrest after DNA damage.
Science 1998;282:1497–501.

111. Chan TA, Hermeking H, Lengauer C, et al. 14–3–3 Sigma
is required to prevent mitotic catastrophe after DNA
damage. Nature 1999;401:616–20.

112. Kastan MB, Onyekwere O, Sidransky D, et al. Participation
of p53 protein in the cellular response to DNA damage.
Cancer Res 1991;51:6304–11.

113. Lowe SW, Ruley HE, Jacks T, Housman DE. p53-depen-
dent apoptosis modulates the cytotoxicity of anticancer
agents. Cell 1993;74:957–67.

114. Lowe SW, Bodis S, McClatchey A, et al. p53 status and the
efficacy of cancer therapy in vivo. Science
1994;266:807–10.

115. de Vries A, Flores ER, Miranda B, et al. Targeted point
mutations of p53 lead to dominant-negative inhibition
of wild-type p53 function. Proc Natl Acad Sci USA
2002;99:2948–53.

116. Bunz F, Hwang PM, Torrance C, et al. Disruption of p53 in
human cancer cells alters the responses to therapeutic
agents. J Clin Invest1999;104:263–9.

117. Graeber TG, Osmanian C, Jacks T, et al. Hypoxia-mediated
selection of cells with diminished apoptotic potential in
solid tumours. Nature 1996;379:88–91.

118. Wahl GM, Linke SP, Paulson TG, Huang LC. Maintaining
genetic stability through TP53 mediated checkpoint
control. Cancer Surv 1997;29:183–219.

119. Merlo A, Gabrielson E, Askin F, Sidransky D. Frequent loss
of chromosome 9 in human primary non-small cell lung
cancer. Cancer Res 1994;54:640–2.

120. Olumi AF, Skinner EC, Tsai YC, Jones PA. Molecular anal-
ysis of human bladder cancer. Semin Urol 1990;
8:270–7.

121. Sidransky D, Messing E. Molecular genetics and biochem-
ical mechanisms in bladder cancer: oncogenes, tumor-
suppressor genes, and growth factors. Urol Clin North
Am 1992;19:629–39.

122. van der Riet P, Nawroz H, Hruban RH, et al. Frequent loss
of chromosome 9p21–22 early in head and neck cancer
progression. Cancer Res 1994;54:1156–8.

123. Diaz MO, Rubin CM, Harden A, et al. Deletions of inter-
feron genes in acute lymphoblastic leukemia. N Engl J
Med 1990;322:77–82.

124. Fountain JW, Karayiorgou M, Taruscio D, et al. Genetic and
physical map of the interferon region on chromosome
9p. Genomics 1992;14:105–12.

125. Olopade OI, Jenkins RB, Ransom DT, et al. Molecular
analysis of deletions of the short arm of chromosome 9
in human gliomas. Cancer Res 1992;52:2523–9.

126. Goldstein AM, Tucker MA. Genetic epidemiology of
familial melanoma [review]. Dermatol Clin
1995;13:605–12.

127. Kamb A, Gruis NA, Weaver-Feldhaus J, et al. A cell-cycle
regulator potentially involved in genesis of many tumor
types. Science 1994;264:436–40.

128. Serrano M, Hannon GJ, Beach D. A new regulatory motif
in cell-cycle control causing specific inhibition of
cyclin D/CDK4. Nature 1993;366:704–7.

129. Haber DA. Splicing into senescence: the curious case of
p16 and p19ARF. Cell 1997;91:555–8.

130. Sherr CJ. Tumor surveillance via the ARF-p53 pathway.
Genes Dev 1998;12:2984–91.

131. Hussussian CJ, Struewing JP, Goldstein AM, et al.
Germline p16 mutations in familial melanoma. Nat
Genet 1994;8:15–21.

132. Kamb A, Shattuck-Eidens D, Eeles R, et al. Analysis of the



104 SECTION 1  /  Cancer Biology

p16 gene (CDKN2) as a candidate for the chromosome
9p melanoma susceptibility locus. Nat Genet
1994;8:23–26.

133. Wainwright B. Familial melanoma and p16—a hung jury.
Nat Genet 1994;8:3–5.

134. Whelan AJ, Bartsch D, Goodfellow PJ. A familial syn-
drome of pancreatic cancer and melanoma with a muta-
tion in the CDKN2 tumor-suppressor gene. N Engl J
Med 1995;333:975–7.

135. Walker GJ, Flores JF, Glendening JM, et al. Virtually 100%
of melanoma cell lines harbor alterations at the DNA
level within CDKN2A, CDKN2B, or one of their down-
stream targets. Genes Chromosomes Cancer
1998;22:157–63.

136. Cairns P, Polascik TJ, Eby Y, et al. Frequency of homozy-
gous deletion at P16/CDKN2 in primary human
tumours. Nat Genet 1995;11:210–2.

137. Quelle DE, Zindy F, Ashmun RA, Sherr CJ. Alternative
reading frames of the INK4A tumor suppressor gene
encode two unrelated proteins capable of inducing cell-
cycle arrest. Cell 1995;83:993–1000.

138. Herman JG, Merlo A, Mao L, et al. Inactivation of the
CDKN2/p16/MTS1 gene is frequently associated with
aberrant DNA methylation in all common human can-
cers. Cancer Res 1995;55:4525–30.

139. Merlo A, Herman JG, Mao L, et al. 5’ CPG island methy-
lation is associated with transcriptional silencing of the
tumour suppressor P16/CDKN2/MTS1 in human can-
cers. Nat Med 1995;1:686–92.

140. Jacobs JJ, Kieboom K, Marine S, et al. The oncogene and
Polycomb-group gene bmi-1 regulates cell proliferation
and senescence through the INK4a locus. Nature
1999;397:164–8.

141. Kamijo T, Zindy F, Roussel MF, et al. Tumor suppression at
the mouse INK4a locus mediated by the alternative
reading frame product p19ARF. Cell 1997;91:649–59.

142. Sharpless NE, Bardeesy N, Lee KH, et al. Loss of p16INK4a

with retention of p19ARF predisposes mice to tumorige-
nesis. Nature 2001;413:86–91.

143. Krimpenfort P, Quon KC, Mooi WJ, et al. Loss pf p16INK4a

confers susceptibility to metastatic melanoma in mice.
Nature 2001;413:83–6.

144. Herrera L, Kakati S, Gibas L, et al. Brief clinical report:
Gardner syndrome in a man with an interstitial deletion
of 5q. Am J Med Genet 1986;25:473–6.

145. Bodmer W, Bailey C, Bodmer J, et al. Localization of the
gene for familial adenomatous polyposis on chromo-
some 5. Nature 1987;328:614–9.

146. Leppert M, Dobbs M, Scambler P, et al. The gene for famil-
ial polyposis coli maps to the long arm of chromosome
5. Science 1987;238:1411–3.

147. Groden J, Thliveris A, Samowitz W, et al. Identification and
characterization of the familial adenomatous polyposis
coli gene. Cell 1991;66:589–600.

148. Joslyn G, Carlson M, Thliveris A, et al. Identification of
deletion mutations and three new genes at the familial
polyposis locus. Cell 1991;66:601–13.

149. Kinzler K, Nilbert M, Su L, et al. Identification of FAP
locus genes from chromosome 5q21. Science
1991;253:661–5.

150. Nishisho I, Nakamura Y, Miyoshi Y, et al. Mutations of
chromosome 5q21 genes in FAP and colorectal cancer
patients. Science 1991;253:665–9.

151. Miyoshi Y, Ando H, Nagase H, et al. Germ-line mutations
of the APC gene in 53 familial adenomatous polyposis
patients. Proc Natl Acad Sci U S A 1992;89:4452–6.

152. Nagase H, Miyoshi Y, Horii A, et al. Correlation between
the location of germ-line mutations in the APC gene and
the number of colorectal polyps in familial adenoma-
tous polyposis patients. Cancer Res 1992;52:4055–7.

153. Powell SM, Petersen GM, Krush AJ, et al. Molecular diag-
nosis of familial adenomatous polyposis. N Engl J Med
1993;329:1982–7.

154. Levy DB, Smith KJ, Beazer-Barclay Y, et al. Inactivation of
both APC alleles in human and mouse tumors. Cancer
Res 1994;54:5953–8.

155. Kinzler KW, Vogelstein B. Lessons from hereditary col-
orectal cancer. Cell 1996;87:159–70.

156. Spirio L, Olschwang S, Groden J, et al. Alleles of the APC
gene: an attenuated form of familial polyposis. Cell
1993;75:951–7.

157. Gruber SB, Petersen GM, Kinzler KW, Vogelstein B. Can-
cer, crash sites, and the new genetics of neoplasia. Gas-
troenterology 1999;116:210–2.

158. Powell SM, Zilz N, Beazer-Barclay Y, et al. APC mutations
occur early during colorectal tumorigenesis. Nature
1992;359:235–7.

159. Solomon E, Voss R, Hall V, et al. Chromosome 5 allele loss in
human colorectal carcinomas. Nature 1987;328:616–9.

160. Smith KJ, Johnson KA, Bryan TM, et al. The APC gene
product in normal and tumor cells. Proc Natl Acad Sci
U S A 1993;90:2846–50.

161. Morin PJ, Vogelstein B, Kinzler KW. Apoptosis and APC in
colorectal tumorigenesis. Proc Natl Acad Sci U S A
1996;93:7950–4.

162. Bienz M. APC: the plot thickens. Curr Opin Genet Dev
1999;9:595–603.

163. Willert K, Nusse R. Beta-catenin: a key mediator of Wnt
signaling. Curr Opin Genet Dev 1998;8:95–102.

164. Morin PJ, Sparks AB, Korinek V, et al. Activation of beta-
catenin–Tcf signaling in colon cancer by mutations in
beta-catenin or APC. Science 1997;275:1787–90.

165. Sparks AB, Morin PJ, Vogelstein B, Kinzler KW. Muta-
tional analysis of the APC/beta-catenin/Tcf pathway in
colorectal cancer. Cancer Res 1998;58:1130–4.

166. Iwao K, Nakamori S, Kameyama M, et al. Activation of the
beta-catenin gene by interstitial deletions involving
exon 3 in primary colorectal carcinomas without adeno-
matous polyposis coli mutations. Cancer Res
1998;58:1021–6.

167. Polakis P. The oncogenic activation of beta-catenin. Curr
Opin Genet Dev 1999;9:15–21.

168. Crawford HC, Fingleton BM, Rudolph-Owen LA, et al.
The metalloproteinase matrilysin is a target of beta-
catenin transactivation in intestinal tumors. Oncogene
1999;18:2883–91.

169. He TC, Sparks AB, Rago C, et al. Identification of c-MYC
as a target of the APC pathway. Science
1998;281:1509–12.

170. Tetsu O, McCormick F. β-Catenin regulates expression of
cyclin D1 in colon carcinoma cells. Nature
1999;398:422–6.

171. Shtutman M, Zhurinsky J, Simcha I, et al. The cyclin D1
gene is a target of the β-catenin/LEF-1 pathway. Proc
Natl Acad Sci U S A 1999;96:5522–7.

172. Park BH, Vogelstein B, Kinzler K. Genetic disruption of
PPAR delta decreases the tumorigenicity of human
colon cancer cells. Proc Natl Acad Sci U S A
2002;2598–603.

173. Hall JM, Lee MK, Newman B, et al. Linkage of early onset
familial breast cancer to chromosome 17q21. Science
1990;250:1684–9.

174. Easton DF, Bishop DT, Ford D, Crockford GP. Genetic
linkage analysis in familial breast and ovarian cancer:
results from 214 families. The Breast Cancer Linkage
Consortium. Am J Hum Genet 1993;52:678–701.

175. Narod SA, Feunteun J, Lynch HT, et al. Familial breast-
ovarian cancer locus on chromosome 17q12-q23.
Lancet 1991;338:82–3.

176. Futreal PA, Liu QY, Shattuck-Eidens D, et al. BRCA1
mutation in primary breast and ovarian carcinomas. Sci-
ence 1994;266:120–2.

177. Miki Y, Swensen J, Shattuck-Eidens D, et al. A strong can-
didate for the breast and ovarian cancer susceptibility
gene BRCA1. Science 1994;266:66–71.

178. Collins FS. BRCA1—lots of mutations, lots of dilemmas
[editorial; comment; see comments]. N Engl J Med
1996;334:186–8.

179. Couch FJ, Weber BL. Mutations and polymorphisms in the
familial early-onset breast cancer (BRCA1) gene.
Breast Cancer Information Core. Hum Mutat
1996;8:8–18.

180. Couch FJ, Weber BL. Breast cancer. In: Vogelstein B, Kin-
zler KW, editors. The genetic basis of human cancer.
New York: McGraw-Hill; 1998. p. 537–64.

181. Szabo CI, King MC. Inherited breast and ovarian cancer.
Hum Mol Genet 1995;4:1811–7.

182. Merajver SD, Pham TM, Caduff RF, et al. Somatic muta-
tions in the BRCA1 gene in sporadic ovarian tumours.
Nat Genet 1995;9:439–43.

183. Wooster R, Neuhausen SL, Mangion J, et al. Localization
of a breast cancer susceptibility gene, BRCA2, to chro-
mosome 13q12–13. Science 1994;265:2088–90.

184. Wooster R, Bignell G, Lancaster J, et al. Identification of
the breast cancer susceptibility gene BRCA2. Nature
1995;378:789–92.

185. Sharan SK, Morimatsu M, Albrecht U, et al. Embryonic
lethality and radiation hypersensitivity mediated by Rad51
in mice lacking BRCA2. Nature 1997;386:804–10.

186. Welcsh PL, Schubert EL, King MC. Inherited breast can-
cer: an emerging picture. Clin Genet 1998;54:447–58.

187. Feunteun J. Breast cancer and genetic instability: the
molecules behind the scenes. Mol Med Today
1998;4:263–7.

188. Chen J, Silver DP, Walpita D, et al. Stable interaction
between the products of the BRCA1 and BRCA2 tumor
suppressor genes in mitotic and meiotic cells. Mol Cell
1998;2:317–28.

189. Gowen LC, Avrutskaya AV, Latour AM, et al. BRCA1
required for transcription-coupled repair of oxidative
DNA damage. Science 1998;281:1009–12.

190. Scully R, Chen J, Plug A, et al. Association of BRCA1 with
Rad51 in mitotic and meiotic cells. Cell 1997;88:265–75.

191. Scully R, Chen J, Ochs RL, et al. Dynamic changes of
BRCA1 subnuclear location and phosphorylation state
are initiated by DNA damage. Cell 1997;90:425–35.

192. Marmorstein LY, Ouchi T, Aaronson SA. The BRCA2 gene
product functionally interacts with p53 and RAD51.
Proc Natl Acad Sci U S A 1998;95:13869–74.

193. Scully R, Anderson SF, Chao DM, et al. BRCA1 is a com-
ponent of the RNA polymerase II holoenzyme. Proc
Natl Acad Sci U S A 1997;94:5605–10.

194. Fan S, Wang JA, Yuan R, et al. BRCA1 inhibition of estro-
gen receptor signaling in transfected cells. Science
1999;284:1354–6.

195. Coppes MJ, Haber DA, Grundy PE. Genetic events in the
development of Wilms’ tumor. N Engl J Med
1994;331:586–90.

196. Knudson AG, Strong LC. Mutation and cancer: a model for
Wilms’ tumor of the kidney. J Natl Cancer Inst
1972;48:313–24.

197. Miller RW, Faumeni JF Jr, Manning MD. Association of
Wilms’ tumor with aniridia, hemihypertrophy, and other
congenital abnormalities. N Engl J Med 1964;
270:922-7.

198. Riccardi VM, Hittner HM, Francke U, et al. The aniridia-
Wilms’ tumor association: the clinical role of chromo-
some band 11p13. Cancer Genet Cytogenet 1980;2:131-7.

199. Kaneko Y, Egues MC, Rowley JD. Interstitial deletion of
short arm of chromosome 11 limited to Wilms’ tumor
cells in a patient without aniridia. Cancer Res
1981;41:p.4577-8.

200. Slater RM, de Kraker J. Chromosome number 11 and
Wilms’ tumor. Cancer Genet Cytogenet 1982;5:p.237-45.

201. Fearon ER, Vogelstein B, Feinberg AP. Somatic deletion
and duplication of genes on chromosome 11 in Wilms’
tumours. Nature 1984;309:176–8.

202. Koufos A, Hansen MF, Lampkin BC, et al. Loss of alleles
at loci on human chromosome 11 during genesis of
Wilms’ tumor. Nature 1984;309:p.170-2.

203. Orkin SH, Goldman DS, Sallan SE. Development of
homozygosity for chromosome 11p markers in Wilms’
tumor. Nature 1984;309:p.172-4.

204. Reeve AE, Housiaux PJ, Gardner R, et al. Loss of a Harvey
RAS allele in sporadic Wilms’ tumor. Nature
1984;309:p.174-6.

205. Call K, Glaser T, Ito C, et al. Isolation and characterization
of a zinc finger polypeptide gene at the human chromo-
some 11 Wilms’ tumor locus. Cell 1990;60:509–20.

206. Haber DA, Sohn RL, Buckler AJ, et al. Alternative splicing
and genomic structure of the Wilms’ tumor gene WT1.
Proc Natl Acad Sci U S A 1991;88:9618–22.

207. Larsson SH, Charlieu JP, Miyagawa K, et al. Subnuclear
localization of WT1 in splicing or transcription factor
domains is regulated by alternative splicing. Cell
1995;81:391–401.

208. Reddy JC, Licht JD. The WT1 Wilms’ tumor suppressor
gene: how much do we really know? Biochim Biophys
Acta 1996;1287:1–28.

209. Rauscher FJ. The WT1 Wilms’ tumor gene product—a devel-
opmentally regulated transcription factor in the kidney
that functions as a tumor suppressor. FASEB J
1993;7:896–903.

210. Englert C, Hou X, Maheswaran S, et al. WT1 suppresses syn-
thesis of the epidermal growth factor receptor and induces
apoptosis. EMBO J 1995;14:4662–75.

211. Hosono S, Gross I, English MA, et al. E-cadherin is a WT1
target gene. J Biol Chem 2000;275:10943–53.

212. Lee SB, Huang K, Palmer R, et al. The Wilms’ tumor sup-
pressor WT1 encodes a transcriptional activator of
amphiregulin. Cell 1999;98:663–73.

213. Hammes A, Guo JK, Lutsch G, et al. Two splice variants of
the Wilms’tumor 1 gene have distinct functions during sex
determination and nephron formation. Cell
2001;106:319–29.

214. Haber DA, Housman DE. The genetics of Wilms’ tumor. Adv
Cancer Res 1992;59:41–68.

215. Mannens M, Slater RM, Heyting C, et al. Molecular nature of
genetic changes resulting in loss of heterozygosity of chro-
mosome 11 in Wilms’ tumors. Hum Genet 1988;81:41-8.

216. Reeve AE, Sih SA, Raizis AM, Feinberg AP. Loss of allelic



CHAPTER 7  /  Tumor Suppressor Genes 105

heterozygosity at a second locus on chromosome 11 in
sporadic Wilms’ tumor cells. Mol Cell Biol
1989;9:1799–1803.

217. Koufos A, Grundy P, Morgan K, et al. Familial Wiede-
mann-Beckwith syndrome and a second Wilms’ tumor
locus both map to 11p15.5. Am J Hum Genet
1989;44:711–9.

218. Ping AJ, Reeve AE, Law DJ, et al. Genetic linkage of Beck-
with-Wiedemann syndrome to 11p15. Am J Hum Genet
1989;44:720–3.

219. Grundy P, Koufos A, Morgan K, et al. Familial predisposi-
tion to Wilms’ tumour does not map to the short arm of
chromosome 11. Nature 1988;336:374–6.

220. Huff V, Compton DA, Chao LY, et al. Lack of linkage of
familial Wilms’ tumour to chromosomal band 11p13.
Nature 1988;336:377–8.

221. Ponder B. Neurofibromatosis gene cloned. Nature
1990;346:703–4.

222. Shen MH, Harper PS, Upadhyaya M. Molecular genetics
of neurofibromatosis type 1 (NF1). J Med Genet
1996;33:2–17.

223. Gutman DH, Collins FS. Neurofibromatosis type 1. In:
Vogelstein B, Kinzler KW, editors. The genetic basis of
human cancer. New York: McGraw-Hill; 1998. p.
423–42.

224. Barker D, Wright E, Nguyen K, et al. Gene for von Reck-
linghausen neurofibromatosis is in the pericentromeric
region of chromosome 17. Science 1987;236:1100–2.

225. Seizinger BR, Rouleau GA, Ozelius LJ, et al. Genetic link-
age of von Recklinghausen neurofibromatosis to the
nerve growth factor receptor gene. Cell 1987;49:589–94.

226. Fountain JW, Wallace MR, Bruce MA, et al. Physical map-
ping of a translocation breakpoint in neurofibromatosis.
Science 1989;244:1085–7.

227. O’Connell P, Leach R, Cawthon RM, et al. Two von Reck-
linghausen neurofibromatosis translocations map
within a 600 kb region of 17q11.2. Science
1989;244:1087–8.

228. Cawthon RM, Weiss R, Xu GF, et al. A major segment of the
neurofibromatosis type 1 gene: cDNA sequence, genomic
structure, and point mutations [published erratum appears
in Cell 1990;62:608]. Cell 1990;62:193–201.

229. Viskochil D, Buchberg A, Xu G, et al. Deletions and a
translocation interrupt a cloned gene at the neurofibro-
matosis type 1 locus. Cell 1990;62:187–92.

230. Wallace MR, Marchuk DA, Andersen LB, et al. Type 1 neu-
rofibromatosis gene: identification of a large transcript
disrupted in three NF1 patients. Science 1990;249:181–6.

231. Viskochil D, White R, Cawthon R. The neurofibromatosis
type 1 gene. Annu Rev Neurosci 1993;16:183–205.

232. Park VM, Pivnick EK. Neurofibromatosis type 1 (NF1): a
protein truncation assay yielding identification of muta-
tions in 73% of patients. J Med Genet 1998;35:813–20.

233. Johnson MR, Look AT, DeClue JE, et al. Inactivation of the
NF1 gene in human melanoma and neuroblastoma cell
lines without impaired regulation of GTP.Ras. Proc Natl
Acad Sci U S A 1993;90:5539–43.

234. Seizinger BR. NF1: a prevalent cause of tumorigenesis in
human cancers? Nat Genet 1993;3:97–9.

235. The I, Murthy AE, Hannigan GE, et al. Neurofibromatosis
type 1 gene mutations in neuroblastoma. Nat Genet
1993;3:62–6.

236. Shannon KM, O’Connell P, Martin GA, et al. Loss of the
normal NF1 allele from the bone marrow of children
with type 1 neurofibromatosis and malignant myeloid
disorders. N Engl J Med 1994;330:597–601.

237. DeClue JE, Papageorge AG, Fletcher JA, et al. Abnormal
regulation of mammalian p21ras contributes to malig-
nant tumor growth in von Recklinghausen (type 1) neu-
rofibromatosis. Cell 1992;69:265–73.

238. Wigler MH. Oncoproteins: GAPs in understanding Ras.
Nature 1990;346:696–7.

239. Xu GF, O’Connell P, Viskochil D, et al. The neurofibro-
matosis type 1 gene encodes a protein related to GAP.
Cell 1990;62:599–608.

240. Vogel KS, Klesse LJ, Valasco-Miguel S, et al. Mouse tumor
model for neurofibromatosis type 1. Science
1999;286:2176–9.

241. Cichowski K, Shih TS, Schmitt E, et al. Mouse models of
tumor development in neurofibromatosis type 1. Sci-
ence 1999;286:2172–6.

242. MacCollin M, Gusella J. Neurofibromatosis type 2. In:
Vogelstein B, Kinzler KW, editors. The genetic basis of
human cancer. , New York: McGraw-Hill; 1998. p.
443–54.

243. Evans DG, Huson SM, Donnai D, et al. A genetic study of
type 2 neurofibromatosis in the United Kingdom. I.
Prevalence, mutation rate, fitness, and confirmation of
maternal transmission effect on severity. J Med Genet
1992;29:841–6.

244. Seizinger BR, Martuza RL, Gusella JF. Loss of genes on
chromosome 22 in tumorigenesis of human acoustic
neuroma. Nature 1986;322:644–7.

245. Seizinger BR, de la Monte S, Atkins L, et al. Molecular
genetic approach to human meningioma: loss of genes
on chromosome 22. Proc Natl Acad Sci U S A
1987;84:5419–23.

246. Seizinger BR, Rouleau G, Ozelius LJ, et al. Common patho-
genetic mechanism for three tumor types in bilateral
acoustic neurofibromatosis. Science 1987;236:317–39.

247. Rouleau GA, Merel P, Lutchman M, et al. Alteration in a
new gene encoding a putative membrane-organizing
protein causes neurofibromatosis type 2. Nature
1993;363:515–21.

248. Trofatter JA, MacCollin MM, Rutter JL, et al. A novel moesin-
, ezrin-, radixin-like gene is a candidate for the neurofibro-
matosis 2 tumor suppressor. Cell 1993;72:791–800.

249. Bianchi AB, Mitsunaga SI, Cheng JQ, et al. High fre-
quency of inactivating mutations in the neurofibromato-
sis type 2 gene (NF2) in primary malignant mesothe-
liomas. Proc Natl Acad Sci U S A 1995;92:10854–8.

250. Giovannini M, Robanus-Maandag E, van der Valk M, et al.
Conditional biallelic NF2 mutation in the mouse pro-
motes manifestations of human neurofibromatosis type
2. Genes Dev 2000;14:1617–30.

251. Maher ER, Webster AR, Moore AT. Clinical features and
molecular genetics of von Hippel-Lindau disease
[review]. Ophthal Paediatr Genet 1995;16:79–84.

252. Gnarra JR, Duan DR, Weng Y, et al. Molecular cloning of
the von Hippel-Lindau tumor suppressor gene and its
role in renal carcinoma. Biochim Biophys Acta
1996;1242:201–10.

253. Linehan WM, Klausner R. Renal carcinoma. In: Vogelstein
B, Kinzler KW, editors. The genetic basis of human can-
cer. New York: McGraw-Hill; 1998. p. 455–74.

254. Seizinger BR, Rouleau GA, Ozelius LJ, et al. Von Hippel-
Lindau disease maps to the region of chromosome 3
associated with renal cell carcinoma. Nature
1988;332:268–9.

255. Latif F, Tory K, Gnarra J, et al. Identification of the von
Hippel-Lindau disease tumor suppressor gene. Science
1993;260:1317–20.

256. Herman JG, Latif F, Weng Y, et al. Silencing of the VHL
tumor-suppressor gene by DNA methylation in renal
carcinoma. Proc Natl Acad Sci U S A 1994;91:9700–4.

257. Duan DR, Pause A, Burgess WH, et al. Inhibition of tran-
scription elongation by the VHL tumor suppressor pro-
tein. Science 1995;269:1402–6.

258. Aso T, Lane WS, Conaway JW, Conaway RC. Elongin
(SIII): a multisubunit regulator of elongation by RNA
polymerase II. Science 1995;269:1439–43.

259. Kibel A, Iliopoulos O, DeCaprio JA, Kaelin WG Jr. Bind-
ing of the von Hippel-Lindau tumor suppressor protein
to Elongin B and C. Science 1995;269:1444–6.

260. Kaelin WG Jr, Maher ER. The VHL tumour-suppressor
gene paradigm. Trends Genet 1998;14:423–6.

261. Ohh M, Kaelin WG Jr. The von Hippel-Lindau tumour sup-
pressor protein: new perspectives. Mol Med Today
1999;5:257–63.

262. Ivan M, Kondo K, Yang H, et al. HIFalpha targeted for VHL-
mediated destruction by proline hydroxylation: implica-
tions for O2 sensing. Science 2001;292:464–8.

263. Jaakkola P, Mole DR, Tian YM, et al. Targeting of HIF-alpha
to the von Hippel-Lindau ubiquitination complex by O2-
regulated prolylhydroxylation. Science 2001;292:468–72.

264. Gatti RA. Ataxia-telangiectasia. In: Vogelstein B, Kinzler

KW, editors. The genetic basis of human cancer. New
York: McGraw-Hill; 1998. p. 275–300.

265. Lynch HT, Smyrk TC, Watson P, et al. Genetics, natural his-
tory, tumor spectrum, and pathology of hereditary non-
polyposis colorectal cancer: an updated review. Gas-
troenterology 1993;104:1535–49.

266. Park JG, Vasen HF, Park KJ, et al. Suspected hereditary non-
polyposis colorectal cancer: International Collaborative
Group on Hereditary Non-Polyposis Colorectal Cancer
(ICG-HNPCC) criteria and results of genetic diagnosis.
Dis Colon Rectum 1999;42:710–5.

267. Boland CR. Hereditary nonpolyposis colorectal cancer. In:
Vogelstein B, Kinzler KW, editors. The genetic basis of
human cancer. New York: McGraw-Hill; 1998. p.
333–46.

268. Lynch HT, de La Chapelle A. Genetic susceptibility to non-
polyposis colorectal cancer. J Med Genet 1999;
36:801–18.

269. Aaltonen LA. Hereditary intestinal cancer. Semin Cancer
Biol 2000;10:289–98.

270. Yan H, Papadopoulos N, Marra G, et al. Conversion of
diploidy to haploidy. Nature 2000;403:723–4.

271. Muller A, Fishel R. Mismatch repair and the hereditary non-
polyposis colorectal cancer syndrome (HNPCC). Cancer
Invest 2002;20(1):102–9.

272. Ionov Y, Peinado MA, Malkhosyan S, et al. Ubiquitous
somatic mutations in simple repeated sequences reveal a
new mechanism for colonic carcinogenesis. Nature
1993;363:558–61.

273. Thibodeau SN, Bren G, Schaid D. Microsatellite instability
in cancer of the proximal colon. Science 1993;
260:816–9.

274. Aaltonen LA, Peltomaki P, Sistonen P, et al. Clues to the
pathogenesis of familial colorectal cancer. Science
1993;260:812–6.

275. Liu B, Nicolaides NC, Markowitz S, et al. Mismatch repair
gene defects in sporadic colorectal cancers with
microsatellite instability. Nat Genet 1995;9:48–55.

276. Kane MF, Loda M, Gaida GM, et al. Methylation of the
hMLH1 promoter correlates with lack of expression of
hMLH1 in sporadic colon tumors and mismatch repair-
defective human tumor cell lines. Cancer Res
1997;57:808–11.

277. Herman JG, Umar A, Polyak K, et al. Incidence and func-
tional consequences of hMLH1 promoter hypermethyla-
tion in colorectal carcinoma. Proc Natl Acad Sci U S A
1998;95:6870–5.

278. Markowitz S, Wang J, Myeroff L, et al. Inactivation of the
type II TGF-beta receptor in colon cancer cells with
microsatellite instability. Science 1995;268:1336–8.

279. Parsons R, Myeroff LL, Liu B, et al. Microsatellite instabil-
ity and mutations of the transforming growth factor beta
type II receptor gene in colorectal cancer. Cancer Res
1995;55:5548–50.

280. Lu SL, Kawabata M, Imamura T, et al. HNPCC associated
with germline mutation in the TGF-beta type II receptor
gene [letter]. Nat Genet 1998;19:17–8.

281. Hahn SA, Schutte M, Hoque AT, et al. DPC4, a candidate
tumor suppressor gene at human chromosome 18q21.1.
Science 1996;271:350–3.

282. Moskaluk CA, Kern SE. Cancer gets Mad: DPC4 and other
TGFβ pathway genes in human cancer. Biochim Biophys
Acta 1996;1288:M31–3.

283. Thiagalingam S, Lengauer C, Leach FS, et al. Evaluation of
candidate tumour suppressor genes on chromosome 18 in
colorectal cancers. Nat Genet 1996;13:343–6.

284. Howe JR, Roth S, Ringold JC, et al. Mutations in the
SMAD4/DPC4 gene in juvenile polyposis. Science
1998;280:1086–8.

285. Rampino N, Yamamoto H, Ionov Y, et al. Somatic frameshift
mutations in the BAX gene in colon cancers of the
microsatellite mutator phenotype. Science 1997;
275:967–9.

286. Mirabelli-Primdahl L, Gryfe R, Kim H, et al. Beta-catenin
mutations are specific for colorectal carcinomas with
microsatellite instability but occur in endometrial carci-
nomas irrespective of mutator pathway. Cancer Res
1999;59:3346–51.




	Holland • Frei CANCER MEDICINE 6
	Editors
	Copyright
	Contributors
	Preface
	Contents
	VOLUME ONE
	PART I CARDINAL MANIFESTATIONS
	Ch1 Cardinal Manifestations of Cancer

	PART II SCIENTIFIC FOUNDATIONS
	Section 1: CANCER BIOLOGY
	Ch2 Molecular Biology, Genomics, and Proteomics
	Ch3 Cell Proliferation and Differentiation
	Ch4 Apoptosis and Cancer
	Ch5 Growth Factors and Signal Transduction in Cancer
	Ch6 Oncogenes
	Ch7 Tumor-Suppressor Genes
	Ch8 Recurring Chromosome Rearrangements in Human Cancer
	Ch9 Biochemistry of Cancer
	Ch10 Invasion and Metastases
	Ch11 Tumor Angiogenesis

	Section 2: CANCER IMMUNOLOGY
	Ch12 Tumor Antigens
	Ch13 Tumor Markers and Immunodiagnosis
	Ch14 Effectors of Immunity and Rationale for Immunotherapy
	Ch15 Tumor-Associated Immunodeficiency and Implications for Tumor Development and Prognosis

	Section 3: CANCER ETIOLOGY
	Ch16 Genetic Predisposition to Cancer
	Ch17 Chemical Carcinogenesis
	Ch18 Hormones and the Etiology of Cancer
	Ch19 Ionizing Radiation
	Ch20 Ultraviolet Radiation Carcinogenesis
	Ch21 Physical Carcinogens
	Ch22 Tumor Viruses
	Ch23 Herpesviruses
	Ch24 Papillomaviruses and Cervical Neoplasia
	Ch25 Hepatitis Viruses
	Ch26 Parasites

	Section 4: CANCER EPIDEMIOLOGY, PREVENTION, and SCREENING
	Ch27 Cancer Epidemiology
	Ch28 Prevention of Tobacco-Related Cancer
	Ch29 Nutrition in the Etiology and Prevention of Cancer
	Ch30 Chemoprevention of Cancer
	Ch31 Cancer Screening and Early Detection

	Section 5: CLINICAL TRIALS AND OUTCOMES ASSESSMENT
	Ch32 Theory and Practice of Clinical Trials
	Ch33 Statistical Innovations in Cancer Research
	Ch34 Outcomes Assessment


	PART III CANCER DIAGNOSIS
	Section 6: CANCER PATHOLOGY
	Ch35 Principles of Cancer Pathology

	Section 7: IMAGING
	Ch36 Principles of Imaging
	Ch36a Imaging Cancer of Unknown Primary Site
	Ch36b Imaging Neoplasms of the Central Nervous System, Head, and Neck
	Ch36c Imaging Neoplasms of the Thorax
	Ch36d Imaging Neoplasms of the Abdomen and Pelvis
	Ch36e Imaging of Musculoskeletal Neoplasms
	Ch36f Imaging the Breast
	Ch36g Ultrasonography: Its Role in Oncologic Imaging
	Ch36h Radionuclide Imaging in Cancer Medicine
	Ch36i Perspectives in Imaging: Present and Future Prospects of Clinical Molecular Imaging
	Ch37 Interventional Radiology for the Cancer Patient


	PART IV THERAPEUTIC MODALITIES
	Section 8: SURGICAL ONCOLOGY
	Ch38 Principles of Surgical Oncology

	Section 9: RADIATION ONCOLOGY
	Ch39 Principles of Radiation Oncology
	Ch40 Photodynamic Therapy of Cancer
	Ch41 Hyperthermia

	Section 10: MEDICAL ONCOLOGY
	Ch42 Principles of Medical Oncology

	Section 11: CHEMOTHERAPY
	Ch43 Cytokinetics
	Ch44 Principles of Dose, Schedule, and Combination Therapy
	Ch45 Preclinical and Early Clinical Development of New Anticancer Agents
	Ch46 Pharmacology
	Ch47 Regional Chemotherapy
	Ch48 Drug Resistance and its Clinical Circumvention

	Section 12: CHEMOTHERAPEUTIC AGENTS
	Ch49 Folate Antagonists
	Ch50 Pyrimidine and Purine Antimetabolites
	Ch51 Alkylating Agents and Platinum Antitumor Compounds
	Ch52 Anthracyclines and DNA Intercalators/Epipodophyllotoxins/Camptothecins/DNA Topoisomerases
	Ch53 Microtubule-Targeting Natural Products
	Ch54 Small-Molecule Inhibitors of Protein Kinases in the Treatment of Human Cancer

	Section 13: BIOTHERAPEUTICS
	Ch55 Asparaginase
	Ch56 Interferons
	Ch57 Cytokines: Biology and Applications in Cancer Medicine
	Ch58 Hematopoietic Growth Factors
	Ch59 Monoclonal Serotherapy
	Ch60 Vaccines and Immunostimulants

	Section 14: ENDOCRINE THERAPY
	Ch61 Hypothalamic and Other Peptide Hormones
	Ch62 Corticosteroids
	Ch63 Estrogens and Antiestrogens
	Ch64 Aromatase Inhibitors
	Ch65 Progestins
	Ch66 Androgens: Deprivation Strategies in the Treatment of Advanced Prostate Cancer

	Section 15: GENE THERAPY
	Ch67 Cancer Gene Therapy

	Section 16: BONE MARROW TRANSPLANTATION
	Ch68 Autologous Bone Marrow and Stem Cell Transplantation
	Ch69 Hematopoletic Cellular Transplantation


	PART V MULTIDISCIPLINARY MANAGEMENT
	Section 17: PSYCHO-ONCOLOGY
	Ch70 Psycho-Oncology

	Section 18: ONCOLOGY NURSING
	Ch71 Principles of Oncology Nursing

	Section 19: CANCER REHABILITATION MEDICINE
	Ch72 Principles of Cancer Rehabilitation Medicine

	Section 20: MULTIDISCIPLINARY MANAGEMENT
	Ch73 Principles of Multidisciplinary Management
	Ch74 Cancer and Pregnancy
	Ch75 Cancer and Aging
	Ch76 Complementary and Alternative Cancer Therapies

	Section 21: PAIN AND PALLIATION
	Ch77 Palliative Care
	Ch78 Management of Cancer Pain

	Section 22: SOCIETAL ONCOLOGY
	Ch79 Ethics in Oncology
	Ch80 Cancer and the Law
	Ch81 The Government and Cancer Medicine
	Ch82 Clinical Oncology in a Changing Health Care Environment



	VOLUME TWO
	PART VI CANCER MANAGEMENT
	Section 23: CENTRAL NERVOUS SYSTEM
	Ch83 Primary Neoplasms of the Central Nervous System
	Ch84 Brain Metastases

	Section 24: THE EYE
	Ch85 Neoplasms of the Eye

	Section 25: ENDOCRINE GLANDS
	Ch86 Neoplasms of the Endocrine Glands: Pituitary Neoplasms
	Ch87 Neoplasms of the Thyroid
	Ch88 Neoplasms of the Adrenal Cortex
	Ch89 Neoplasms of the Diffuse Endocrine System

	Section 26: HEAD AND NECK
	Ch90 Neoplasms of the Head and Neck
	Ch91 Odontogenic Tumors

	Section 27: THE THORAX
	Ch92 Cancer of the Lung
	Ch93 Malignant Mesothelioma
	Ch94 Thymomas and Thymic Tumors
	Ch95 Tumors of the Heart and Great Vessels
	Ch96 Primary Germ Cell Tumors of the Thorax
	Ch97 Metastatic Tumors in the Thorax

	Section 28: GASTROINTESTINAL TRACT
	Ch98 Neoplasms of the Esophagus
	Ch99 Gastric Cancer
	Ch100 Primary Neoplasms of the Liver
	Ch101 Treatment of Liver Metastases
	Ch102 Gallbladder and Bile Duct Cancer
	Ch103a Neoplasms of the Exocrine Pancreas
	Ch103b Neoplasms of the Ampulla of Vater
	Ch104 Neoplasms of the Small Intestine
	Ch105 Neoplasms of the Vermiform Appendix and Peritoneum Douglas
	Ch106 Adenocarcinoma of the Colon and Rectum
	Ch107 Neoplasms of the Anus

	Section 29: GENITOURINARY TRACT
	Ch108 Renal Cell Carcinoma
	Ch109 Neoplasms of the Renal Pelvis and Ureter
	Ch110 Bladder Cancer
	Ch111 Neoplasms of the Prostate
	Ch112 Tumors of the Penis and Urethra
	Ch113 Testis Cancer

	Section 30: FEMALE REPRODUCTIVE ORGANS
	Ch114 Neoplasms of the Vulva and Vagina
	Ch115 Neoplasms of the Cervix
	Ch116 Endometrial Cancer
	Ch117 Neoplasms of the Fallopian Tube
	Ch118 Ovarian Cancer
	Ch119 Gestational Trophoblastic Disease
	Ch120 Gynecologic Sarcomas

	Section 31: THE BREAST
	Ch121 Neoplasms of the Breast

	Section 32: THE SKIN
	Ch122 Malignant Melanoma
	Ch123 Other Skin Cancers

	Section 33: BONE AND SOFT TISSUE
	Ch124 Bone Tumors
	Ch125 Soft-Tissue Sarcomas

	Section 34: HEMATOPOIETIC SYSTEM
	Ch126 The Myelodysplastic Syndrome
	Ch127 Acute Myeloid Leukemia in Adults
	Ch128 Chronic Myeloid Leukemia
	Ch129 Adult Acute Lymphocytic Leukemia
	Ch130 Chronic Lymphocytic Leukemia
	Ch131 Hairy Cell Leukemia
	Ch132 Mast Cell Leukemia and Other Mast Cell Neoplasms
	Ch133 Hodgkin’s Disease
	Ch134 Non-Hodgkin’s Lymphomas
	Ch135 Mycosis Fungoides and the Sézary Syndrome
	Ch136 Plasma Cell Tumors
	Ch137 The Chronic Myeloproliferative Disorders: Essential Thrombocythemia, Myelofibrosis with Myeloid Metaplasia, and Polycythemia Vera

	Section 35: NEOPLASMS IN AIDS
	Ch138 Neoplasms in Acquired Immunodeficiency Syndrome

	Section 36: UNKNOWN PRIMARY SITE
	Ch139 Neoplasms of Unknown Primary Site


	PART VII PEDIATRIC ONCOLOGY
	Section 37: PEDIATRIC ONCOLOGY
	Ch140a Pediatric Oncology: Principles and Practice
	Ch140b Incidence, Origins, Epidemiology
	Ch140c Late Effects of Cancer in Children and Adolescents
	Ch141a Childhood Acute Lymphoblastic Leukemia
	Ch141b Acute Myeloid Leukemia in Children
	Ch141c Primary Central Nervous System Tumors of the Infant and Child
	Ch141d Hodgkin’s Disease
	Ch141e Non-Hodgkin Lymphoma in Children
	Ch142a Less-Frequently Encountered Tumors of Childhood
	Ch142b Renal Tumors of Childhood
	Ch142c Neuroblastoma
	Ch142d Soft Tissue Sarcomas
	Ch142e Bone Tumors
	Ch143a Unique Pathologic Features of Childhood Cancer
	Ch143b Special Considerations for Young Adults and Older Adolescents


	PART VIII COMPLICATIONS
	Section 38: COMPLICATIONS OF CANCER AND ITS TREATMENT
	Ch144 Cancer Anorexia and Cachexia
	Ch145 Antiemetic Therapy with Chemotherapy
	Ch146 Neurologic Complications
	Ch147 Dermatologic Complications of Cancer Chemotherapy
	Ch148 Skeletal Complications
	Ch149 Hematologic Complications and Blood Bank Support
	Ch150 Coagulopathic Complications of Cancer Patients
	Ch151 Urologic Complications
	Ch152 Cardiac Complications
	Ch153 Respiratory Complications
	Ch154 Liver Function and Hepatotoxicity in Cancer
	Ch155 Gastrointestinal Complications
	Ch156 Oral Complications
	Ch157 Gonadal Complications
	Ch158 Endocrine Complications and Paraneoplastic Syndromes
	Ch159 Secondary Cancers: Incidence, Risk Factors, and Management

	Section 39: INFECTION IN THE CANCER PATIENT
	Ch160 Infections in Patients with Cancer

	Section 40: ONCOLOGIC EMERGENCIES
	Ch161 Oncologic Emergencies


	PART IX INFORMATICS
	Section 41: ONCOLOGY AND INFORMATICS
	Ch162 Oncology Informatics



	Index
	FIGURE APPENDIX
	Exit



