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Abstract

Introduction Advances in our understanding of the
molecular genetics and epigenetics of colorectal cancer
have led to novel insights into the pathogenesis of this
common cancer. These advances have revealed that there
are molecular subtypes of colon polyps and colon cancer
and that these molecular subclasses have unique and dis-
crete clinical and pathological features. Although the
molecular characterization of these subgroups of colorectal
polyps and cancer is only partially understood at this time,
it does appear likely that classifying colon polyps and
cancers based on their genomic instability and/or epige-
nomic instability status will eventually be useful for
informing approaches for the prevention and early detec-
tion of colon polyps and colorectal cancer.

Conclusions In this review, we will discuss our current
understanding of the molecular pathogenesis of the polyp
to cancer sequence and the potential to use this information
to direct screening and prevention programs.
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Introduction

Colorectal cancer (CRC) is the third most common cause
of cancer in the USA among both men and women and
second most common cause of cancer-related death among
men and women of the cancers that affect both genders.
Yet, it is also one of the most preventable cancers because
it always (or almost always) arises from benign neoplasms,
called tubular adenomas and serrated polyps, which evolve
into CRC over many years. The slow polyp-cancer pro-
gression sequence seen in the general population offers an
opportunity to detect and remove the polyps before they
undergo malignant transformation.

There are a large number of factors that play a direct
role in driving the polyp — CRC sequence, including, but
not limited to, gene mutations, epigenetic alterations, and
local inflammatory changes. As will be detailed below,
many of the molecular alterations that play a role in the
initiation and progression of colon polyps have been
identified over the last three decades. These studies have
demonstrated that the polyp — CRC sequence is hetero-
geneous and involves multiple different pathways to CRC.
The heterogeneity of colon polyps and CRC can be
appreciated on the basis of global DNA abnormalities [e.g.,
aneuploidy, microsatellite instability (MSI)] and patterns of
epigenetic alterations (e.g., CpG island methylator pheno-
type, aka CIMP), as well as on the basis of specific patterns
of gene mutations and aberrantly methylated genes. These
insights have raised the possibility that the molecular fea-
tures of polyps could be used to refine our screening
approaches for CRC and to develop personalized screening
and CRC prevention programs. In order for such an
approach to be realized in clinical practice, the molecular
features of polyps will need to predict the likelihood of
developing metachronous polyps and to predict the
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molecular subtype of polyps that will develop. Evidence
from published studies is inconsistent regarding whether
metachronous or synchronous polyps have shared molec-
ular features, depending on the specific features assessed,
suggesting that there may be a context dependence to the
molecular features that arise in polyps which is mediated
by factors that affect polyp formation. In this review, we
will discuss the genomic and epigenomic alterations that
have been found in polyps and the potential for these
features to predict metachronous polyp formation.

Molecular Mechanisms of Colorectal Carcinogenesis
The Polyp to Carcinoma Progression Sequence

One of the central aspects of CRC formation is the accu-
mulation of acquired genetic and epigenetic changes that
transform normal glandular epithelial cells into invasive
adenocarcinomas. The polyp to cancer progression sequence
was proposed in the seminal and classic tumor progression
model of Fearon and Vogelstein and involves a step that
initiates the formation of benign neoplasms (adenomas and
sessile serrated polyps), followed by a step that promotes the
progression to more histologically advanced neoplasms, and
then a step that transforms the tumors to invasive carcinoma
(Fig. 1) [1]. Since this model was originally proposed, our
understanding of the molecular pathogenesis of CRC has
advanced considerably and led to numerous revisions of the

(T E[[%F tm

Normal colon epithelium Aberrant crypt focus
SLCSA*S CDKN2A/p14ARF
MINT1

HLTF
MINT31*
SFRP2 ITGA4
CDKN2A/p16
CDH13
MGMT
CRBP1 VIM
RUNX3
MiR342/EVL
CDKN2A/p14ARF \ /
ESR1

original Vogelstein and Fearon model. For instance, the
original model proposed that only tubular and tubulovillous
adenomas had the potential to progress to invasive adeno-
carcinoma. It is now recognized that serrated polyps
including sessile serrated adenomas/polyps (SSA/P) and
traditional serrated adenomas (TSA) also have the potential
for malignant transformation [2, 3]. Serrated polyps are an
alternative pathway to malignancy whereby a subset of
hyperplastic polyps, most likely microvesicular hyperplastic
polyps, progress to serrated neoplasms (SSP or TSA) and a
fraction of these serrated neoplasms progress to CRC [4].
Premalignant serrated polyps more frequently arise in the
proximal colon [5] and are associated with the CIMP, which
is a phenotype recognized by having an exceptionally high
frequency of aberrantly methylated CpG dinucleotides. In
contrast, conventional tubular adenomas appear to be more
commonly initiated by biallelic inactivation of the APC
tumor-suppressor gene and to display chromosome insta-
bility (CIN), which is a form of genomic instability that is
recognized by aneuploidy and gains and losses of large
portions of chromosomes or whole chromosomes [6, 7]. In
addition, other molecular alterations, such as BRAFY0%F
mutations, are characteristically found more often in tumors
arising via the serrated neoplasia pathway [7]. Thus, our
current understanding of the polyp — cancer sequence in
the colon is that it is heterogeneous and that one of the
defining features that distinguish the pathways at the
molecular level is the prominent form of epigenomic and
genomic instability involved.
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Fig. 1 Aberrantly methylated genes in the polyp — CRC sequence. Schematic diagram of polyp — colorectal cancer sequence showing genes
that are frequently aberrantly methylated at different steps in this sequence. Adapted from Lao and Grady, Nature Reviews 2001
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A Fundamental Feature of Colorectal Cancer: Genomic
and Epigenomic Instability

Genomic and epigenomic instability distinguishes neo-
plastic from normal colonic epithelium and is a hallmark
feature of colorectal carcinogenesis [8—10]. Several kinds
of genomic or epigenetic instability have been described in
CRCs: (1) chromosomal instability (CIN), (2) MSI, (3)
non-MSI hypermutability, (4) aberrant DNA methylation,
and (5) global DNA hypomethylation [11, 12]. Overlap
between these categories and imprecise use of these terms
have led to confusion and confounds interpretation of the
literature [13]. Thus, we will first define the different types
of genomic and epigenetic instability in CRC and then will
discuss what is known about these processes in the polyp
phase of the polyp — CRC sequence.

Chromosomal Instability (CIN)

The most common form of genomic instability is CIN,
which is found in as many as 85 % of CRCs [11]. CIN,
which can be recognized by the presence of aneuploidy or
polyploidy, results in numerical chromosome changes or
multiple structural aberrations of the chromosomes. It can
be assessed by a variety of techniques, including DNA flow
cytometry, comparative genomic hybridization, whole
exome sequencing, and high-density SNP arrays [11, 14,
15]. The varied methods used to determine CIN reveal a
major issue in this area of research. There is no validated,
mutually agreed upon set of criteria for determining whe-
ther a CRC displays CIN, which makes it difficult to
compare studies, especially those studies that correlate CIN
with clinical outcomes [16]. In addition, despite the fre-
quent occurrence of CIN in CRC, the mechanisms that give
rise to this form of genomic stability and the role of
aneuploidy in tumor progression remain poorly understood.
Gains and losses of whole arms or whole chromosomes are
presumably secondary to deregulation of mitotic spindle
checkpoint regulators, such as BUBI, or centrosome
amplification, while smaller gains and losses may be sec-
ondary to deregulation of double-strand DNA break repair
mechanisms [17, 18]. It is also likely that oncogene stress-
induced genomic instability, telomere erosion, and DNA
hypomethylation play a role in CIN in CRC and that these
mechanisms variably play primary or secondary roles in
CIN in specific CRCs [19, 20]. Despite the unresolved
determination of the underlying process(es) responsible for
CIN, there is some evidence that CIN promotes cancer
progression by increasing clonal diversity, regardless of the
underlying cause [21-23]. This observation is relevant to
CRC formation because, although infrequent, chromo-
somal abnormalities have been detected in colon
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adenomas, which suggests that CIN may arise early in the
polyp — CRC sequence [19, 23].

Microsatellite Instability (MSI)

Microsatellite unstable (MSI) CRCs, which account for
approximately 15 % of CRCs, are generally regarded as
being mutually exclusive of CIN tumors because they
typically display az near diploid karyotype and carry a set
of unique gene mutations that are distinct from those seen
in CIN CRCs, although there does appear to be a subset of
CRCs that show both CIN and MSI [13]. MSI CRC has
been defined by the presence of at least 30 % unstable
microsatellite loci in a panel of 5-10 loci consisting of
mono- and dinucleotide tracts selected at a National Cancer
Institute consensus conference [24], although currently,
many clinical laboratories assess MSI using a panel of 5
mononucleotide markers (BAT-25, BAT-26, NR-21,
NR-24, and MONO-27) that were selected for high sensi-
tivity and specificity for identifying CRCs that lack activity
of the DNA mismatch repair (MMR) system [25]. A subset
of tumors with only 10-29 % unstable loci has been des-
ignated as having “MSI low.” Although there is evidence
that MSI-low cancers have some distinct features com-
pared to MSI (also referred to as “MSI high,” or “MSI-H”)
or microsatellite stable (MSS) tumors, there is considerable
controversy regarding whether MSI low is a unique
molecular subclass of CRC [11, 13, 26]. The majority of
studies have not identified consistent differences between
MSI low and MSS CRCs. With regard to the clinical cor-
relates of MSI, patients with stage I-III MSI CRC have a
better prognosis compared to patients with CIN CRCs [14,
27] and probably respond differently to adjuvant chemo-
therapy compared to patients with MSS (also called CIN)
CRCs [28-30].

MSI is infrequently found in polyps, and when it is
detected, it is almost always in serrated polyps, except in
Lynch syndrome, in which case it is found in tubular
adenomas [31-33]. It also appears that loss of MMR
activity is not sufficient to induce polyp formation based on
modeling studies and the lack of colon cancer seen in
individuals with biallelic germ line mutations in MMR
genes [34, 35]. Of considerable importance regarding its
clinical impact, there is substantial indirect data that polyps
that arise in the setting of loss of MMR activity have a
shortened polyp — CRC interval so that MSI CRCs can
arise in as little as 2-3 years from a polyp. The data sup-
porting an accelerated polyp transformation rate come
largely from studies of people with Lynch syndrome,
which is a cancer family syndrome that results from germ
line mutations in the MMR genes. Evidence suggesting that
the loss of MMR proficiency and onset of MSI accelerate
tumor progression comes from the observation that MSI is
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usually only observed in polyps adjacent to cancers and is
rare in non-advanced polyps [31].

In contrast to CIN, the mechanisms underlying MSI are
relatively well understood and usually involve inactivation
of genes in the DNA MMR family either by aberrant DNA
methylation or by somatic mutation [23]. Furthermore,
individuals with the hereditary cancer syndrome, Lynch
syndrome (formerly called hereditary non-polyposis CRC,
HNPCC), almost exclusively develop MSI CRCs because
they have germ line mutations in one of the MMR genes,
which include MLHI, MSH2, MSH6, and PMS2. In con-
trast, sporadic MSI CRCs most often have loss of MMR
activity as the result of silencing of MLHI by aberrant
DNA methylation [23, 36]. It is also now recognized that
sporadic MSI CRCs are associated with the serrated neo-
plasia pathway and frequently carry BRAF VOOOE mutations,
while cancers resulting from germ line mutations in MMR
genes (Lynch syndrome) do not have mutated BRAF [37,
38]. It is unclear why mutant BRAF is found almost
exclusively in CRCs and polyps that have inactivated
MLH]1 through aberrant methylation. One potential expla-
nation is that polyps that acquire oncogenic mutations in
BRAF undergo senescence unless bypass mechanisms are
activated, such as increased IGF signaling via silencing of
IGFBP7 by aberrant methylation [39].

CpG Island Methylator Phenotype (CIMP)

Epigenetic instability in CRC is manifested as hyperme-
thylation of loci contain CpG islands as well as global
DNA hypomethylation. Aberrant DNA methylation is
present in essentially all CRCs; however, there is a subset
of CRCs (approximately 10-20 %) that have an extremely
high proportion of aberrantly methylated CpG loci. This
class of CRCs has been characterized as having a CIMP
and was first described by Toyota et al. [40].

The mechanism(s) that give rise to CIMP are still
unknown and likely are heterogeneous, which may result in
currently unrecognized molecular subclasses of CIMP
CRCs. Thus, as with CIN CRCs, the mecha-
nism(s) responsible for aberrant DNA methylation in colon
tumors are under active investigation. Although overex-
pression of the DNA methyltransferases DNMT3B or
DNMT1 has been shown to correlate with CIMP in some
studies, this finding has not been consistently demonstrated
[11]. Another potential class of mechanisms is based on the
inactivation of barriers that prevent the methylation of the
normally unmethylated CpG islands [41]. The aberrant
DNA methylation observed in cancer may also be a path-
ogenic consequence of epigenetic instability that arises
during the aging process (aka epigenetic drift) when a
tumor-suppressor gene is unintentionally affected, leading
to the clonal outgrowth of tumorigenic cells [42]. It has

also been suggested that mutations in genes involved in
chromatin remodeling, such as CHDS§, may mediate CIMP
[43]. This last mechanism is particularly compelling in
light of a consistent finding that changes in the chromatin
structure and histone modification state of histone H3
precede the detection of aberrant DNA methylation in loci
that acquire this change [44, 45]. Other candidate mecha-
nisms include environmental exposures (e.g., tobacco) [46]
and IDHI or TET mutations [47]. Mutations in /DHI and
TET appear to be important causes of aberrant methylation
in gliomas and leukemia, respectively, but IDHI and TET
mutations appear to be rare in CRC [48, 49]. Of note,
in vitro studies of mutant BRAF in CRC cell lines have not
demonstrated a direct cause and effect relationship between
mutant BRAF and CIMP [50].

Although CIMP tumors do appear to represent a distinct
subset of CRC, the clinical utility of this designation is
hindered by lack of universally accepted criteria for
determining CIMP. CIMP is often defined as increased
methylation of at least three loci from a selected panel of
five gene-associated CpG islands. Because CIMP is a rel-
atively recently identified phenomenon, the panel of
methylated loci used to define CIMP has varied across
studies, which has hampered the study of CIMP CRC [51,
52]. At this time, there is still not a consensus panel of
CIMP loci, although many investigators are using the panel
characterized by Peter Laird’s investigative team [52]. In
addition, some investigators have proposed subclasses of
CIMP, including CIMP low (<2/5 markers), CIMP high
(>3/5 markers) [53], or CIMP1 and CIMP2, based on the
results of unsupervised cluster analysis of a panel of
methylation markers [54]. Although different methods and
criteria have been used to define a variety of different
CIMP subclasses, a universal theme that is emerging is that
there are truly unique CIMP subclasses, which likely arise
from different polyp types. Recent studies have provided
substantial support for the existence of a CIMP subclass
derived from TSA that is CIMP low, MSS, and carries
mutant KRAS, and of a second CIMP subclass derived from
sessile serrated polyps that is MSI-H and carries mutant
BRAF [4]. Finally, retrospective studies suggest CIMP will
ultimately be shown to be a prognostic marker and possibly
predictive marker for CRC, but the data are not sufficient at
this time to recommend its clinical use [54-56]. Thus, the
discovery and classification of CIMP tumors have
advanced our understanding of the molecular pathology of
colon polyps and CRC, but have not yet impacted clinical
care, although the expectation is that it will in the near
future.

It is also worth noting that although CIMP has not yet
been shown to be a clinically useful marker for polyps or
CRC, methylated genes are the basis for a recently FDA
approved CRC screening assay. The test assesses stool
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Table 1 Pattern of loss (—) and gain in colon neoplasms during different steps in the polyp — CRC sequence of tumor progression (percentage

of tumors with involvement for selected chromosomes)

CR Early adenoma Advanced adenoma CRC MSS (CIN) CRC Primary CRC CRC metastases
Tp 7.1 333 50 333 10 10

7q 0 25 31.3 333 30 30

8p 0 0 0 0 10 and —30 10 and —30
12q 0 8.3 6.3 0 20 0

13q 0 8.3 50 41.7 30 and —10 50

18q 0 —16.7 —37.5 —25 -50 -90

20q 0 333 75 25 50 40

Involved arms 3/47 21/47 32/47 22/47 34/47 35/47

Adapted from Grady, Current Opinions in Gastroenterology 2000

CR chromosomal region, MSI microsatellite instability, MSS microsatellite stable, CIN chromosome instability

DNA for methylated BMP3 and NDRG4 as well as mutant
KRAS and occult blood and has been shown to detect
>40 % of advanced adenomas and serrated polyps and
>90 % of CRCs with a specificity of 86 % [57]. Methyl-
ated VIM has also been shown to be a sensitive stool-based
marker for CRC and colon polyps [58, 59]. Thus, the
aberrantly methylated genes that arise secondary to epi-
genetic instability have served as the basis of robust early
detection assays for CRC.

In addition to aberrant gene methylation, a global
decrease in methylation has also been identified in many
CRCs and is tightly associated with CIN CRCs [60, 61].
The mechanism(s) responsible for DNA hypomethylation
is not known, but it has been shown that repetitive ele-
ments, like LINE-1 and SAT-alpha, are often affected. It is
not clear when the DNA hypomethylation arises during the
polyp — CRC sequence and what its specific role in
tumorigenesis is. Some studies have implicated a role in
inducing the expression of oncogenes [62], while others
suggest a role in inducing CIN [63, 64]. Line hypome-
thylation has been found more frequently in familial MSS
colon cancer [65]. Some studies have demonstrated an
inverse correlation between LINE-1 hypomethylation and
survival [64, 66]; however, further research is needed to
determine whether the measurement of global DNA hy-
pomethylation in CRC has clinical utility.

Genomic and Epigenomic Instability
and the Polyp — CRC Sequence

The characterization of genomic and epigenomic instability
and the description of the CIN, MSI, and CIMP classes of
colon neoplasms were originally established through the
study of CRCs. The identification of these molecular sub-
classes in frank CRC subsequently led to the study of these
phenomena in colon polyps in order to determine when
they arise in the polyp — CRC sequence. The study of
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genomic and epigenomic instability in colon polyps is of
particular interest in light of the prevailing belief that
genomic instability promotes tumorigenesis by creating a
“mutator phenotype,” which generates a mutation rate that
is sufficient for potential tumor cells to acquire enough
mutations during the lifetime of an individual to transform
into cancer [67]. Although still under investigation, studies
of genomic and epigenomic instability in colon polyps and
cancer over the last two decades have provided some
additional insight into these ‘“hallmark behaviors of can-
cer” during colon carcinogenesis [9].

Assessment of colon adenomas and serrated polyps for
genomic instability has revealed, in general, a low level of
chromosomal abnormalities in colon adenomas [68-71]. In
some of the earliest studies carried out on adenomas, Stoler
et al. [72] found approximately 11,000 genomic alterations
in colon adenomas using inter—(simple sequence repeat)
PCR, and Ried et al. found a stepwise increase in the
average number of copy alterations using comparative
genomic hybridization (CGH) as adenomas progressed
from early adenomas to advanced adenomas and then
finally to carcinomas [22, 73] (see Table 1). Later studies
using higher-sensitivity methods have confirmed the find-
ings that small adenomas carry chromosomal abnormali-
ties, but have found far fewer abnormalities than originally
reported [74]. Shih et al. [75] demonstrated allelic imbal-
ance of chromosomes 1p, 8p, 15q, and 18q in 10, 19, 28,
and 28 % of small adenomas (1-3 mm in size), respec-
tively, providing support for the presence of low-level CIN
in the earliest detectable adenomas. Subsequent studies
have shown that a subset of larger or more histologically
advanced adenomas carry many more abnormalities than
non-advanced adenomas, although not as many as observed
in CIN CRCs [74, 76, 77]. Thus, results of these studies are
consistent with a model in which the timing of gross
aneuploidy, which is a marker for CIN, appears to be after
adenoma initiation but before progression to frank malig-
nancy [68-70, 72]. Based on the observation of LOH
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events in adenomas and using mathematical modeling
methods, Nowak et al. [78] have proposed that genomic
instability occurs very early in the colon tumorigenesis
process even preceding APC mutations. A clear determi-
nation of when CIN arises in the polyp — cancer sequence
is confounded by the lack of a definitive mechanism(s) for
CIN in CRC. A variety of mechanisms have been proposed
[79], and some of them would be congruent with genomic
instability arising in colon adenomas, such as telomere
erosion [19] or APC mutation [80, 81], but not increased
DNA damage at fragile sites as alterations in fragile sites is
not commonly seen in adenomas [74].

In contrast to the studies of CIN and chromosomal
abnormalities in colon adenomas, there is little evidence
that MSI is common in colon adenomas or serrated polyps.
The majority of studies have identified MSI only in
advanced adenomas and CRCs [31, 82]. Sessile serrated
polyps/adenomas (SSP) have a low incidence of MSI, with
<4 % of SSP with dysplasia displaying MSI, and no MSI
detected in non-advanced serrated polyps [83]. It is not
clear at this time if the low incidence is secondary to MSI
arising late in the polyp —» CRC sequence or if the
acquisition of MSI accelerates the transformation of polyps
to CRC, making it difficult to find them before they pro-
gress to CRC. In a recent study, Beggs et al. [84] presented
data that suggest that MSI arises early in the polyp - CRC
sequence, but these findings contrast with the majority of
studies of MSI in colon polyps published to date.

The identification of low levels of chromosomal
abnormalities in adenomas and serrated polyps has also led
to a hypothesis that there may be a shared mechanism that
leads to metachronous or synchronous polyp formation in
people that is a result of a predisposition to genomic
instability. This model is particularly compelling in light of
the known increased risk of colon polyps and CRC in
individuals who have a personal history of polyps [85].
However, it does not appear that synchronous or
metachronous polyps or CRCs share the same forms of
genomic instability. Although there are conflicting
reports, the majority of the studies demonstrate that the
form of genomic instability in index CRCs or polyps is
not predictive of the form of genomic instability observed
in the concurrent or metachronous polyps and/or CRCs
[86-90].

In contrast to the infrequent presence of chromosomal
abnormalities in colon adenomas and SSP, there is a large
amount of published data demonstrating that aberrantly
methylated genes are common in aberrant crypt foci, colon
adenomas, and SSP [91-94]. Importantly, although aber-
rant DNA methylation is commonly seen in all colon
polyps, CIMP is only observed serrated polyps. In fact,
recent data have demonstrated that CIMP CRCs arise
through an alternate sessile serrated polyp — CRC

pathway. Approximately 30-50 % of SSP are CIMP, and
CIMP SSP appear to be the precursors to CIMP CRCs [95].
CIMP is rarely detected in conventional tubular adenomas
[4, 83], although there is a subset of tubular adenomas that
show an intermediate amount of methylation that is similar
to that seen in CIN CRCs [94]. These tubular adenomas
with an intermediate amount of methylation, called methyl-
H, often have mutant KRAS. KRAS mutations are also
observed in a subclass of SSP that have a CIMP-low
phenotype. In fact, Whitehall and Leggett have proposed
that there are multiple serrated polyp — CRC pathways
that can be distinguished by the presence of mutant KRAS
versus mutant BRAF, TP53 mutation status, and CIMP-
high versus CIMP-low status [4, 96]. It is likely that their
model will be confirmed in principle, which would suggest
arole for carrying out molecular studies on colon polyps to
better understand the mechanisms responsible for colon
adenoma and SSP formation and thus CRC formation [97].

Implications of Findings of Genomic and Epigenomic
Instability in Colon Polyps

Prediction of Polyp Recurrence

The discovery of chromosomal gains and losses, MSI, and
aberrant DNA methylation in colon polyps has raised the
question of whether people who form multiple polyps are
predisposed to do so because they have a susceptibility to
certain forms of genomic or epigenomic instability. How-
ever, as noted above, there is little evidence to suggest that
this is true for CIN or MSI, outside of the setting of Lynch
syndrome. The finding that aberrantly methylated genes
can be detected in the colon mucosa adjacent to CRCs
suggests that aberrant methylation may be a marker for
metachronous polyps that carry the same methylated gene
[98, 99]. However, although conflicting reports exist, in
general, there is little concordance of the methylation state
of metachronous or synchronous polyps, suggesting that
specific aberrantly methylated loci or CIMP is not predic-
tive for future CIMP polyps [93, 100]. This is also true of
CIMP CRCs [101]. An important implication of these
studies is that the genomic instability state of index polyps
or CRC, the methylation state of individual genes in pol-
yps, and CIMP may not be useful for developing person-
alized prevention programs for an individual since they
appear to result from a stochastic process. However, this
does not mean that these mechanisms cannot be targeted
for prevention programs that can be applied to entire at-risk
populations. In fact, the identification of aberrant DNA
methylation in the normal colon of people with CRC or
colon polyps has led to considerable interest that epige-
nomic instability may be part of a field cancerization
process that increases the risk of CRC, which is the subject
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of the next section. If this concept is found to be true, then
the methylation status of the normal mucosa in the colon
rather than of the polyps or cancers may be a useful marker
for polyp and cancer risk.

Epigenetic Alterations: Their Potential Role in Field
Cancerization in the Colon

DNA methylation is of particular interest in cancer for-
mation in light of evidence that suggests that it may play a
role in mediating a field cancerization process (also known
as “field effect” or “field defect”) that predisposes tissue
to neoplastic transformation [102—105]. Field carcinogen-
esis, which has been noted to occur in various types of
malignancies, including colon, lung, pancreas, esophagus,
and prostate, speculates that the molecular alterations
present within a neoplastic lesion are also present diffusely
within the affected organ and that these alterations pre-
dispose normal cells to become dysplastic [106]. With
regard to DNA methylation, there is evidence that envi-
ronmental exposures, such as tobacco use, dietary factors,
and aspirin, can alter the methylation state of normal tissue
and predispose it to cancer formation [107, 108]. These
findings may provide an explanation for the correlation
between tobacco use and CIMP CRCs [46].

In the last decade, a number of studies have provided
evidence that aberrant DNA methylation may be a marker
of a field effect. These studies have assessed the methyl-
ation status of specific loci in normal colon mucosa and
have demonstrated an association between increased DNA
methylation of selected candidate cancer-related genes and
the presence of a concurrent neoplastic lesion located
elsewhere in the colon [102, 109-111]. For instance,
methylation of five genes that have been used to identify
CIMP CRCs (RUNX3, SOCS1, NEUROGI, CACNAIG,
and IGF2) has been found to be increased in the morpho-
logically normal colon mucosa of individuals with
advanced proximal sessile polyps, the precursor lesion to
CIMP cancers [100]. The occurrence of the methylated
genes in the normal colon of patients with sessile polyps is
suggestive of field cancerization because of the known
increased likelihood of individuals with polyps developing
metachronous polyps compared to people without a per-
sonal history of polyps.

In addition to the CIMP genes, there are a number of
other specific methylated genes that have been found to be
potential markers for field cancerization in the colon.
Methylation of the O6-methylguanine-DNA methyltrans-
ferase (MGMT) gene promoter as well as of the CDKN2A/
pl4ARF locus has been found in the normal-appearing
colorectal mucosa adjacent to CRC [98, 102]. With regard
to methylated MGMT, the normal-appearing mucosa
located within 1 cm of an adjacent CRC was more likely to
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carry methylated MGMT than the mucosa 10 cm away
from the cancer, which suggests that the field defect is
localized close to the tumor, although this finding remains
to be confirmed. Another locus implicated as a marker of
field cancerization in the colon is EVL/miR-342. Grady
et al. [112] found that methylation of miR-342 and its host
gene EVL was frequently methylated in colon adenomas
and adenocarcinomas. They also found that the normal
colon mucosa 10 cm away from the CRC had methylated
EVL/miR-342 in almost half of the cases, whereas only
12 % of normal colon mucosa from individuals without
cancer had methylated EVL/miR-342. Others have dem-
onstrated a direct correlation between the aberrant meth-
ylation of APC, DKKI, CDKN2A, and SFRP4 in the
apparently normal colon mucosa of cancer patients, and to
a lesser extent of polyp patients [113]. Furthermore,
methylation of a panel of genes isolated from normal rectal
biopsies from 113 subjects was able to discriminate
between those with and without an adenoma present at the
time of biopsy [114].

In light of the known occurrence of hypomethylated
repetitive elements in CRC, hypomethylation of LINE-1,
SAT-alpha, and SINE elements has also been assessed as
possible field cancerization markers. Kamiyama et al.
found a correlation between hypomethylation of long
interspersed nucleotide element-1 (LINE-1) and an
increased risk of multiple CRCs [115, 116]. However,
despite these findings, the role of LINE-1 hypomethylation
is controversial as the results of a number of studies on this
subject have yielded mixed results regarding an association
between LINE-1 hypomethylation in the normal colon and
colon neoplasms [117, 118]. The findings of aberrantly
methylated genes in the normal colon mucosa of people
with polyps and CRC, but lack of correlation of methylated
genes in metachronous and synchronous polyps suggest
that the underlying defect may be instability in DNA
methylation, which may be revealed by genome-wide
studies of the methylation state of CpGs.

Selection of Prevention Strategies Based
on the Presence of Genomic or Epigenomic Instability:
Unique Signaling Pathway Dependences

Equally important as genomic and epigenomic instability
for the pathogenesis of CRC is the accumulation of
mutations in specific genes and the resulting deregulation
of specific signaling pathways that control the hallmark
behaviors of cancer: cell proliferation, differentiation,
apoptosis, immortalization, angiogenesis, and invasion [8,
9]. The best-studied pathways that are deregulated in CRC
are the WNT-B-catenin signaling pathway, the transform-
ing growth factor B (TGFP) signaling pathway, the
epidermal growth factor receptor (EGFR)-MAPK pathway,
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and the phosphatidylinositol 3-kinase (PI3K) pathway [13,
119]. It appears that the different subclasses of CRCs (MSI,
CIN, and CIMP) have different dependences on the path-
ways, which would create an opportunity to more precisely
select effective therapies for these CRCs based on their
molecular subclass [120—-122]. There is also some evidence
that this dependency may begin in the polyp phase of the
polyp — CRC sequence, which implies that certain che-
moprevention strategies may be more effective than others
for preventing specific molecular types of CRC [123].

Conclusions and Future Directions

Over four decades of investigation into the molecular
mechanisms of CRC behavior has now culminated in an in-
depth understanding of genomic and epigenomic instability
in the colon polyp — CRC sequence. It has yielded bio-
markers that are sufficiently validated for routine clinical
use in the management of CRC, KRAS-mutation analysis to
guide anti-EGFR treatment stands as one of the first suc-
cesses in the era of precision medicine. MSI and BRAF-
mutations already have a clear role in triaging molecular
genetic testing in Lynch syndrome, and these markers are
poised to take on a much greater role in prognostication
and prediction of therapeutic responses for sporadic CRCs.
The recent success of methylated VIM, NDRG4, and BMP3
as CRC early detection assays now suggests that epigenetic
alterations will be clinically useful molecular markers in
the clinical setting.

The use of molecular alterations in predicting risk of
metachronous polyps or CRC shows promise, but further
studies are needed to determine whether aberrantly meth-
ylated CpGs or other molecular alterations can be used as
reliable and accurate indicators of risk of polyps or CRC.
The lack of concordance of patterns of genomic instability
or of individual methylated loci in the polyps themselves
suggests that a strategy based on markers in the polyps may
not be effective, but assessment of the normal mucosa may
be useful because this could detect the presence of a field
cancerization effect. It is widely anticipated that studies
over the next 5-10 years will resolve these unanswered
questions and will reveal additional clinical applications
for molecular alterations in colon polyps and CRCs.
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