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Abstract

Colorectal cancer (CRC) is a major cause of morbidity and mortality from cancers in the United
States. Recent studies have revealed the paradigm in which sequential genetic changes (mutations)
result in the progression from normal colonic tissues to frank carcinoma. In particular, the study of
hereditary colorectal cancer and polyposis syndromes such as familial adenomatous polyposis and
hereditary nonpolyposis colon cancer has contributed enormously to the understanding of the
pathogenesis of CRC. Here we describe some of the common genetic pathways in CRC and the
mechanisms of action for some of the key genes involved in the formation of CRC. The understanding
of the genetic pathways and functions in CRC may lead to the development of novel therapeutic
approaches for treating this deadly disease.

Introduction

Colorectal cancer (CRC) is a leading cause of cancer mortality in the Western World. In the
United States, CRC is the third most commonly diagnosed cancer in men and women and the
second leading cause of cancer-related mortality [1]. Although the mortality associated with
CRC has been steadily declining over the past few decades, partly due to earlier detection by
screening, CRC remains to be a major public health concern.

The pathogenesis of CRC is complex and includes hereditary and environmental factors.
Recent research has shed significant light on the molecular mechanisms leading to CRC
formation. Among all cases of CRC, the majorities (~ 75%) are sporadic in origin and the
remainders are familial or related to inflammatory bowel diseases [2]. Of the familial cases,
approximately one third has a clearly defined genetic basis [2]. Two well-defined hereditary
CRC syndromes in particular, familial adenomatous polyposis (FAP) and hereditary
nonpolyposis colon cancer (HNCC), have aided in determining the genetic basis underlying
most CRC, including sporadic ones. Here we will review the genetic paradigm of CRC, the
molecular genetics of hereditary polyposis syndromes, and the molecular mechanisms by
which some of the CRC-causing genes function.

The Genetic Paradigm of Colorectal Cancer

Fifteen years ago, Fearon and Vogelstein [3] proposed a genetic model to explain the stepwise
formation of CRC from normal colonic tissues. This model states that 1) CRC is the result of
changes (mutations) of genes with important functions in regulating cell proliferation or repair
of DNA damages, 2) mutations in more than one gene are required, and 3) the sequence of
mutations is important in determining the eventual formation of CRC. The model is illustrated
in Figure 1, which also incorporated information from more recent studies. The genes involved
in the genetic paradigm leading to CRC can be broadly divided into two classes: tumor
suppressor genes (TSGs) and oncogenes. TSGs encode proteins that either inhibit cell

Corresponding author Vincent W. Yang, MD, PhD, Division of Digestive Diseases, Department of Medicine, Emory, University School
of Medicine, 201 Whitehead Biomedical Research, Building, 615 Michael Street, Atlanta, GA 30322, USA. E-mail: vyang@emory.edu.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hisamuddin and Yang Page 2

proliferation or promote cell death (apoptosis). TSGs are often inactivated in CRC. In contrast,
oncogenes are activated versions of proto-oncogenes, which are often involved promoting cell
proliferation or development. Once activated, oncogenes can lead to accelerated cell growth
and contribute to tumor formation. Two independent pathways that lead to CRC are depicted
in Figure 1. One is initiated by the mutational inactivation of the TSG adenomatous polyposis
coli (APC), which is responsible for FAP and approximately 85% of sporadic CRC [4]. A
subset of CRC in this pathway is initiated upon the mutational activation of (B-catenin, the
activity of which is normally regulated by APC [5]. The second pathway is through inactivation
of afamily of TSGs involved in DNA mismatch repair (MMR) including human mutS homolog
2 (MSH2), mutation of human mutL homolog 1 (MLH1), and PMS2. MMR mutation is found
in approximately 15% of sporadic CRC and is responsible for HNPCC [4]. Mutational
inactivation of additional TSGs, such as DPC4/SMAD4 and p53, and mutational activation of
oncogenes, such as COX-2 and K-RAS, are also present in later stages of CRC formation (Fig.
1). Recent studies have also implicated several additional TSGs or oncogenes not included in
Figure 1 but that are involved in both hereditary polyposis syndromes and sporadic colorectal
cancer. Readers are referred to a recent review on the functions of these genes [6e¢].

Hereditary Colorectal Cancer and Polyposis Syndromes

Approximately one third of all familial cases of CRC have a definitive genetic etiology [2].
These genetic predispositions to CRC are usually characterized by the formation of precursor
lesions in the form of either adenoma or hamartoma [6+¢]. An adenoma and a hamartoma differ
from each other by their cells of origin: adenoma is derived from cells of the colonic epithelium
and hamartoma from cells of the stroma. However, both lesions pose an increased risk for CRC.
The majorities of genes involved in hereditary CRC syndromes are TSGs, and mutations in
these genes are transmitted in the germ-line. There are two major types of familial
predisposition to adenoma formation: FAP and HNPCC with mutation in the APC and MMR
genes as the primary cause, respectively. Familial predisposition to hamartoma formation is
also called juvenile polyposis syndrome (JPS) and contains many sub-types. Table 1 is a
summary of the various hereditary colorectal cancer and polyposis syndromes. With regard to
the mechanisms of action of the respective TSGs responsible for the various hereditary
colorectal cancer syndromes, it has been likened that APC is a “gatekeeper” because of the
huge number of polyps formed when the gene is mutated [7]. In contrast, the MMR genes are
dubbed “caretaker” because of the significantly increased mutation rate when mismatch repairs
becomes defective [7]. Lastly, the genes responsible for JPS are christened “landscaper”
because their mutations lead to an abnormal stromal environment [7]. The clinical pictures for
some of the hereditary colorectal cancer syndromes and the functions of the genes involved in
these syndromes are provided below.

Familial adenomatous polyposis

FAP is an autosomal dominant disease characterized by the appearance of hundreds to
thousands of adenomatous polyps throughout the gastrointestinal tract, but primarily in the
colon, early in the life of affected patients [8]. If left untreated, patients invariably develop
colorectal cancer in early adulthood. FAP accounts for approximately 1% of all CRC cases in
the United States. FAP results from germline mutations in the gene encoding APC [9-11].
There are several variants of FAP. Gardner’s syndrome is characterized by the presence of
extracolonic manifestations, such as osteomas, epidermoid cysts, and a characteristic retinal
lesion called the congenital hypertrophy of the retinal pigment epithelium (CHRPE). Turcot’s
syndrome is defined as typical FAP and brain tumors including medulloblastoma and
glioblastoma, the latter often associated with MMR mutations. Attenuated form of FAP
(AAPC) is characterized by fewer than 100 colonic polyps and a later stage of onset of CRC.
Itis often associated with mutations in either the extreme 5’ or 3’ terminus of the APC transcript
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[12]. Prophylactic colectomy is the treatment of choice in FAP once colonic polyposis becomes
manifested.

The APC 11307K mutation

Most of the APC mutations found in hereditary and sporadic CRC are nonsense mutations—
ie, they lead to the formation of a truncated protein. The APC 11307K mutation, in contrast, is
a missense mutation in nucleotide position 3920 of the APC coding region, causinga T to A
transverion and consequently the substitution of a lysine (K) residue for an isoleucine (1) residue
in amino acid position 1307 of the APC protein [13]. Although the amino acid change by itself
does not alter the function of the protein, the nucleotide change predisposes to a short
hypermutable region of the APC gene. This increases the likelihood of somatic mutation in the
gene and confers a twofold increased risk for CRC in carriers of the 11307K mutation, which
is relatively prevalent in Ashkenazi Jews [13]. The identification of the cancer susceptibility
APC 11307K allele underscores a new paradigm for cancer genetics, with a shift in emphasis
from the rare, high-risk alleles that have served as a model for cancer genetics earlier to the
common, low-risk alleles that are now being identified in specific populations [14].

MYH-associated polyposis

Germ-line mutations in the human mutY homolog (MYH) gene are found in a small number
of patients with classical or attenuated form of adenomatous polyposis but without identifiable
APC gene mutation [15¢]. The MYH gene functions in base excision repair (BER) and acts in
an autosomal recessive manner, with bi-allelic mutations necessary for expression of the
phenotype, now called MYH-associate polyposis (MAP). Somatic mutations of the APC gene
can be found in tumors from patients with bi-allelic missense or nonsense mutations [15¢]. It
has been estimated that MAP contributes to approximately 1% of unselected CRC [16].

Hereditary nonpolyposis colorectal cancer

HNPCC is the most common form of inherited CRC syndromes and comprises about 5% of
all CRC cases. The minimal criterion of HNPCC is that colorectal carcinoma is diagnosed and
histologically verified in at least three first-degree relatives belonging to two or more
successive generations. Moreover, the age of onset should be less than 50 years in at least one
patient. In addition to the colon (most often the right side), organs commonly affected with
cancer include the endometrium, ovary, stomach, biliary and pancreatic system, and urinary
tract [17]. HNPCC is an autosomal dominant disorder caused primarily by mutations in no
fewer than five MMR genes (Table 1), with those in MLH1 and MSH2 accounting for a majority
(90%) of the cases [18]. The MMR genes identify and repair minor errors that occur during
DNA replication. The absence of this critical function leads to the accumulation of errors in
short, repeated DNA sequences called microsatellites. Tumors from patients with HNPCC
exhibit microsatellite instability (MSI). A consequence of mutations in the MMR genes is the
inactivation of downstream genes due to MSI. Some of the target genes exhibit important
function in regulating cell proliferation. Examples include the type 11 receptor for transforming
growth factor B (TGF-B RII) [19], the receptor for insulin-like growth factor Il (IGFIIR) [20],
and BAX that is involved in the control of apoptosis [21]. Inactivation of these genes leads to
a derangement in cell proliferation and subsequent tumor formation.

The hamartomatous polyposis syndromes

Hamartoma refers to the focal excessive growth of cells of stromal origin. Although the cellular
elements are mature, they do not reproduce the normal architecture in the surrounding tissue.
In the intestinal tract, several discrete familial syndromes characterized by multiple

hamartomatous or juvenile polyps have been described. They include Peutz-Jeghers syndrome
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(PJS), juvenile polyposis coli or JPS, and related syndromes such as Cowden syndrome and
Bannayan-Riley-Ruval-caba syndrome.

Peutz-Jeghers syndrome

PJS isan autosomal dominant disorder characterized by melanocytic macules of the lips, buccal
mucosa, and digits, multiple gastrointestinal hamartomatous polyps, and an increased risk of
various neoplasms, including those of the gastrointestinal tract, breast, ovary, and testicles.
Germ-line mutations of the gene encoding LKB1/STK11, a serine-threonine kinase, are found
in more than half of the patients with PJS [22,23]. However, not all families with PJS are linked
to this locus, suggesting that additional genes are involved in its pathogenesis.

Juvenile polyposis syndrome

JPS is defined by any one of the following criteria: 1) 10 or more colonic juvenile polyps, 2)
juvenile polyps throughout the gastrointestinal tract, or 3) any number of juvenile polyps in a
person with a family history of JPS. The risk of malignant transformation of a juvenile polyp
is between 10% and 40%. Three genes have been linked to JPS: SMAD4 and BMPR1A that
are involved in the TGF-p signaling [24], and PTEN, a tumor suppressor gene with phosphatase
activity [25]. Mutations in PTEN have also been seen in Cowden and Bannayan-Riley-
Ruvalcaba syndromes [26].

The Functions of a Select Number of Genes Involved in CRC

Adenomatous polyposis coli

The APC gene is located on chromosome 521 and encodes a large polypeptide of 2843 amino
acids with a predicted molecular weight of greater than 300,000 kDa [27]. It is present in a
variety of epithelial tissues, often in cells that are postmitotic [28]. Studies indicate that APC
participates in the regulation of a myriad of cellular functions including proliferation,
differentiation, apoptosis, adhesion, migration, and chromosomal segregation [29+¢30]. It
accomplishes these multiple tasks by exerting two major but very different kinds of activities.
In one, APC serves as a crucial member of the Wnt/B-catenin signaling pathway, which is an
important determinant of cell proliferation, differentiation and apoptosis. The other depends
on APC’s ability to regulate cytoskeletal proteins including F-actin and microtubules, thus
allowing it to regulate adhesion, migration and mitosis. Each of these two functions is briefly
summarized below.

The Wnt/B-catenin signaling pathway is also called the canonical Wnt pathway and is essential
in for controlling intestinal epithelial cell proliferation [31,32]. A model for Wnt signaling is
depicted in Figure 2. Wnt, a secreted glycoprotein, interacts with two cell surface receptors,
Frizzled (Fz) and low-density lipoprotein receptor-related protein (LRP) [33-35]. In the
absence of Wnt, B-catenin is sequestered in the cytoplasm in a “destruction complex” that
includes APC, axin, and glycogen synthase kinase-3p, and is subjected to ubiquitin-mediated
degradation [31,32]. Upon binding to its cell surface receptors, Wnt releases p-catenin from
the complex, which can also be a result of APC mutation (Fig. 2, right panel). Free B-catenin
is shuttled into the nucleus, where it frees T-cell factor (TCF) from their represser, CtBP and
Groucho, and converts TCF from arepresser into an activator of gene transcription [36]. Among
the target genes stimulated by B-catenin/TCF are c-Myc and cyclin D, both essential for the
progression of the cell cycle during proliferation [37,38]. The binding between APC and B-
catenin is crucial for APC to function as a tumor suppressor as the mutations in APC found in
CRC are often those that abolish its ability to down-regulate B-catenin level [39]. The
significance of Wnt/B-catenin pathway in the pathogenesis of CRC is further demonstrated by
the observations that in the absence of APC mutation, CRC sometimes contains inactivating
mutation of axin [40,41] or activating mutation of B-catenin [5].
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Studies indicate that the carboxyl terminal portion of APC binds cytoskeletal proteins including
microtubules [42], a microtubule-binding protein EB1 [43], and PDZ domain-containing
proteins, through which APC binds F-actin [44]. As a microtubule-associated protein, APC
contributes to mitotic spindle formation and function. In early mitosis, APC localizes to the
outer kinetochores, consistent with its accumulation at microtubule plus ends [45]. In addition,
APC can be detected in centrosomes and mitotic spindles [46]. Cells lacking APC are prone
to defects in chromosomal segregation [45]. Importantly, APC mutations have been correlated
with chromosomal abnormalities in early colorectal adenomas [47]. These results suggest that
loss of APC from normal colonic tissue may lead to chromosomal instability, which may be a
contributing factor to tumorigenesis.

The tumor suppressor p53 is mutated in approximately 50% of all human cancers worldwide
[48]. Although thought to have oncogenic activity after it was initially identified, p53 was
subsequently shown to be a tumor suppressor that is mutated in colorectal cancer [49]. p53 is
a transcription factor that normally inhibits cell growth and stimulates cell death when induced
by cellular stress [50]. The most common mechanism to disrupt the p53 pathway is through a
missense mutation that inactivates its ability to bind specifically to its cognate recognition
sequence. However, there are several other ways to achieve the same effect, including
amplification of the gene encoding MDM2, a ubiquitin ligase that binds and degrades p53
[51], inactivation of p14/p19ARF that binds and inactivates MDM2 [52], and infection with
DNA tumor viruses whose products (such as the E6 protein of the human papilloma-virus)
binds and inactivates p53 [53].

p53 has a myriad of functions. It has been shown to be involved in cell cycle regulation,
apoptosis, development, differentiation, homologous recombination, DNA excision repair,
senescence, and chromosomal segregation [53]. The amount and activity of p53, which is
mostly latent in the absence of stress, is increased in response to a variety of signals, such as
DNA damage, nucleoside depletion, hypoxia and presence of oncogenes [54]. The regulation
of p53 activity by the various stimuli is highly complex and involves multiple proteins such
as ataxia telengiectasia mutated (ATM), cell cycle checkpoint kinase (CHK), Nijmegen
breakage syndrome (NBS), and DNA-dependent protein kinase (DNAPK) [54].
Phosphorylation of p53 by some of these upstream mediators is crucial for its activation. In
addition, several other forms of modification including acetylation, methylation,
ubiquitination, and sumoylation have been shown to be important in modulating p53’s activity
[55¢].

Once activated, p53 initiates a transcription program that reflects the nature of the stress. The
genes involved in this network initiate one of several programs including cell cycle arrest at
the G1/S and G,/M boundaries, apoptosis and senescence, among others [55¢]. An important
player in the p53-mediated G; arrest is the cyclin-dependent kinase inhibitor p21WAF1/CIP1
[56] The Gy arrest is achieved by the ability of p53 to inhibit expression of cyclin B and CDC2
[57], which is essential for the Go/M phase transition, and to stimulate expression of 14-3-33
[58], which sequesters CDC25 in the cytoplasm rendering it incapable of activating cyclin B/
CDC2. Another important event controlled by p53 is apoptosis. p53 activates a large number
of genes that contribute to apoptosis [55¢]. Several p53-regulated genes (BAX, NOXA,
PUMA) enhance secretion of cytochrome ¢ from the mitochondria into the cytoplasm, which
leads to activation of caspases and subsequent apoptosis [55¢]. This is the intrinsic apoptotic
pathway initiated by various stress signals that activate p53. In addition to the intrinsic pathway,
p53 also regulates several genes (Fas ligands, killer Dr receptor) that are involved in the
extrinsic apoptotic pathway. In contrast to the well studied mechanisms by which p53 mediates
cell cycle arrest and apoptosis, little information is available on how p53 causes cell senescence.
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Moreover, the decision as to just which of these three pathways, cell cycle arrest, apoptosis or
senescence, is chosen for the fate of a cell is also not well understood.

The RAS family comprises three isoforms (H-RAS, K-RAS, and N-RAS) with high degrees
of sequence identity. All RAS proteins cycle between an active GTP-bound conformation and
an inactive GDP-bound conformation [59]. The RAS signaling cascade constitutes a major
pathway controlling cell proliferation, and RAS proteins are able to integrate extracellular
signals from diverse receptor types. Signal transduction downstream of RAS is accompanied
by several effectors. The classical pathway consists of an evolutionarily conserved module of
three sequentially activated kinases: RAF, mitogen-activated protein kinase kinase (MAPKK
or MEK), and mitogen-activated protein kinase (MAPK). Another effector for RAS is
phosphoinositide-3-kinase (P13K), which regulates the AKT/PKB pathway involved in
promotion of cell survival [60]. The significance of RAS in regulating cellular proliferation is
illustrated by the presence of activating mutations of K-RAS in approximately one third of all
human cancers [61], including up to 50% of colorectal cancer [62]. Moreover, 20% of
colorectal tumors with wild type K-RAS bear activating mutations in B-RAF [63]. The
complementarity of mutations between K-RAS and B-RAF implies a central role for the RAS-
RAF-MAPK pathway in the pathogenesis of colorectal cancer. This conclusion is supported
by the observation that targeted expression of oncogenic K-RAS in the intestinal epithelium
can cause spontaneous tumorigenesis in mice [64,65]

Conclusions

Immense progress has been made over the past two decades in understanding the molecular
genetics of CRC. This has been made possible in part from the study of hereditary conditions
that predispose to CRC formation. The biochemical mechanisms by which many of the genes
involved in CRC function have also been elucidated. These advances are likely to help develop
targeted diagnostic or therapeutic approaches to the management and prevention of CRC.
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Figure 1

. The genetic paradigm of colorectal cancer. The genetic changes that accompany the stepwise
transformation of normal colonic mucosal tissues to carcinoma are depicted in the model. Both
mutational inactivation of tumor suppressor genes (light shaded) and activation of oncogenes
(dark shaded) are involved. The sequence of gene mutations in the APC pathway is shown on
the top and those in the mismatch repair pathway is shown in the bottom. ACF—aberrant crypt
foci; APC— adenomatous polyposis coli; COX-2—cyclooxygenase-2.
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Figure 2.

The Wnt/B-catenin signaling pathway. Readers are referred to the text for a detailed description
of the pathway. pCat—p-catenin; CtBP—C-terminal binding protein; Dsh—disheveled; Fz—
frizzled; Gro—Groucho; GSK—glycogen synthase kinase 3p; LRP—Ilow-density lipoprotein
receptor-related protein; TCF—T-cell factor.
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