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Abstract
Colorectal cancer is a leading cause of cancer deaths in the world. It results from an accumulation
of genetic and epigenetic changes in colon epithelial cells that transforms them into
adenocarcinomas. There have been major advances in our understanding of cancer epigenetics
over the last decade, particularly regarding aberrant DNA methylation. Assessment of the colon
cancer epigenome has revealed that virtually all colorectal cancers have aberrantly methylated
genes and the average colorectal cancer methylome has hundreds to thousands of abnormally
methylated genes. As with gene mutations in the cancer genome, a subset of these methylated
genes, called driver genes, is presumed to play a functional role in colorectal cancer. The
assessment of methylated genes in colorectal cancers has also revealed a unique molecular
subgroup of colorectal cancers called CpG Island Methylator Phenotype (CIMP) cancers; these
tumors have a particularly high frequency of methylated genes. The advances in our understanding
of aberrant methylation in colorectal cancer has led to epigenetic alterations being developed as
clinical biomarkers for diagnostic, prognostic, and therapeutic applications. Progress in the
assessment of epigenetic alterations in colorectal cancer and their clinical applications has shown
that these alterations will be commonly used in the near future as molecular markers to direct the
prevention and treatment of colorectal cancer.
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Introduction
Colorectal cancer results from the accumulation of both acquired genetic and epigenetic
changes that transform normal glandular epithelium into invasive adenocarcinomas. The
steps involved in this process were first described in the classic adenoma-cancer progression
model proposed by Fearon and Vogelstein1. Since this model was originally proposed, our
understanding of the molecular pathogenesis of colorectal cancer has advanced
considerably, resulting in numerous revisions of the initial model. The original model was
based on the premise that tubular and tubulovillous adenomas were the premalignant
neoplasms that would progress to invasive adenocarcinoma. However, it is now recognized
that there are additional classes of premalignant polyps, such as serrated polyps, that also
have significant potential for malignant transformation2. Furthermore, the original model
proposed a relatively limited repertoire of genetic alterations that drove the formation of
colorectal cancer. It is now appreciated that there are multiple molecular pathways to colon
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cancer, and that these pathways involve both mutations and epigenetic alterations. For
example, serrated polyps are associated with microsatellite instability and aberrant DNA
methylation, whereas tubular adenomas more commonly arise via inactivation of the APC
tumor suppressor gene and concurrent genetic alterations resulting from chromosomal
instability3. At the present time, we appreciate that there are at least three, and likely more,
polyp→cancer progression sequences that arise via different molecular events. These
changes to the original model highlight that not only are there histologic differences in
colorectal cancers but that there are important molecular differences amongst the cancers as
well.

We also now understand that there are thousands of molecular alterations found in the
average colon cancer genome, and it is widely believed that only a subset of these alterations
drive the cellular and clinical behavior of the cancer. These key molecular features of the
tumors will ultimately be useful for understanding the environmental and genetic factors that
lead to colorectal cancer, for predicting the natural history of the tumors, and for
determining a specific cancer’s likelihood of responding to therapy. In fact, the molecular
heterogeneity of colorectal cancer is believed to be one of the factors responsible for the
significant variability in the treatment response among patients with the same stage of
colorectal cancer4. This is a consequence of the fact that, although there are defined
molecular subtypes of colorectal cancer, the molecular subgroups cannot be accurately
distinguished histologically or clinically at this time. The development of methods that can
detect the significant epigenetic and genetic changes in cancers should permit the
identification of these molecular alterations, which can then be used as predictive markers.
Efforts to characterize the molecular features of colorectal cancers have already led to the
development of clinical assays that detect KRAS mutations, which is used to direct therapy
with anti-EGFR monoclonal antibodies in patients with metastatic colorectal cancer5.

Epigenetic alterations, like gene mutations, contribute to the pathogenesis and molecular
heterogeneity of these cancers. This is highlighted by the identification of a CpG island
methylator phenotype (CIMP) subtype of colorectal cancer that has a distinct epigenome
with a high frequency of methylated genes6. Our understanding of epigenomic alterations in
colorectal cancer, however, is less advanced than that of our understanding of gene
mutations, but substantial progress has recently been made in this area. In this review, we
will provide an overview of the role of epigenetics in colorectal cancer, including the
contribution of epigenetics to the molecular heterogeneity of colorectal cancer, and will
discuss the clinical applications of these epigenetic alterations as biomarkers for early
detection, diagnosis, prognostication and management of patients with colorectal cancer.

The Molecular Pathogenesis of Colorectal Cancer
Gene Mutations and Genomic Instability

The classic view of cancer is that it arises as a consequence of the accumulation of
mutations in key tumor-suppressor genes or oncogenes, which deregulate homeostatic
functions and cause the transformation of normal cells into cancer cells. Sequencing of
colon cancer genomes has revealed that there is only a small number of functionally
important gene mutations out of the hundreds of mutations found in the average colon
cancer genome. A recent analysis of approximately 13,000 genes revealed mutations in the
coding sequence of approximately 67 genes in the average colon cancer genome, of which a
subset of 12 genes were proposed to be the genes most likely to be involved with cancer
formation in individual cancers7. The current cancer genome sequencing efforts demonstrate
that most cancer genomes carry hundreds of mutations, providing a major challenge to
determine which of these mutations play a pathogenic role in the formation of the cancer
(“driver mutations”) and which are merely a consequence of this process (“passenger
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mutations”). Furthermore, colorectal cancers can be subgrouped based on the type of
genomic instability that they display. They can be grouped into those with chromosomal
instability (CIN), which is characterized by aneuploidy and chromosomal gains and losses,
and those with microsatellite instability (MSI), which is identified by the presence of
frequent insertion and deletion mutation in repetitive DNA sequences8,9. Different patterns
of mutant genes can be seen in the MSI vs. the CIN tumors suggesting that the underlying
form of genomic instability in the cancer influences the susceptibility to and selection for
specific mutations.

The role of gene mutations in cancer formation can be appreciated in even the earliest
lesions involved in the polyp→cancer progression sequence. The first identifiable histologic
lesion implicated in colon cancer formation is the aberrant crypt focus. Dysplastic aberrant
crypt foci can harbor mutations in APC, one of the most frequently mutated tumor
suppressor genes in colorectal cancer. Inactivation of APC leads to activation of the
Wingless/Wnt pathway, a common mechanism for initiating the polyp→cancer progression
sequence10. Subsequent to mutations in APC or other members of the Wnt signaling
pathway, mutations in genes such as KRAS or TP53 occur and foster the clonal progression
of the polyp cells to cancer10,11. Progression can involve KRAS and TP53 mutations as well
as mutations in genes that regulate important cell signaling pathways such as the
transforming growth factor –β (TGFB1) signaling pathway12. Mutations in the type II TGF-
β receptor (TGFBR2) occur in approximately 30% of colorectal cancers13. The type of
mutation that inactivates TGFBR2 depends upon the molecular subtype of the developing
cancer cell13,14. In addition, mutations and epigenetic alterations affecting other TGF-β
signaling pathway members, including SMAD2, SMAD4, RUNX3, and TSP1, have been
identified in colon cancers7,12,15–17. Ultimately, it is believed that although the underlying
form of genomic or epigenomic instability determines the types of mutations that occur in
colon cancer, the selective pressures that lead to the clonal evolution of the tumors are
largely the same across all colorectal cancers. This concept can explain why certain genes
are more frequently mutated in colon cancers than in other cancer types (e.g. breast cancer,
prostate cancer) and vice versa.

It has been proposed that gene mutations and epigenetic alterations contribute to colon
cancer formation through the activation of oncogenic pathways and the inactivation of tumor
suppressor genes that regulate hallmark behaviors of cancers18. For example, KRAS is a
proto-oncogene that is a downstream effector of the epidermal growth factor receptor. It
signals through BRAF to activate the MAPK pathway. Mutations in KRAS or BRAF occur
in approximately 55–60% of colorectal cancer, aberrantly activating the MAPK signaling
pathway, inducing proliferation and suppressing apoptosis19,20. The most common signaling
pathways that carry mutant genes in colorectal cancer include not only the RAS-RAF-
MAPK pathway, but also the PI3K pathway, WNT-APC-CTNNB1 pathway, and TGFB1-
SMAD pathway21. Insights into the biology of colorectal cancers have resulted from the
identification of genes commonly mutated in these particular pathways in colon cancer and
have led to paradigms that have informed the study of epigenetic alterations in cancer. These
insights are also being currently used to develop new diagnostic and prognostic assays for
colorectal cancer as well as therapies for colorectal cancer.

Epigenetic Alterations and Cancer
Overview

The study of gene mutations in colorectal cancer has established our current understanding
of the role of molecular alterations in the development of colon cancer, and has led to the
intense investigation of epigenetic alterations in cancer. Epigenetics broadly refers to
heritable alterations in gene expression that are not mediated by changes in the DNA
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sequence. The epigenetic regulation of gene expression occurs in normal tissue and plays an
important role in embryonic development, imprinting, and tissue differentiation22. In 1982,
aberrant epigenetic alterations were first discovered in colorectal cancer. Since that time,
epigenetic research has revealed an epigenetic landscape consisting of a complex array of
epigenetic regulatory mechanisms that control gene expression in both normal tissue and
cancerous tissue23,24 The epigenetic landscape is largely a reflection of factors that
determine the condensation state of the chromatin, which determines whether the DNA is
accessible to proteins that control gene transcription. A relaxed or “open” chromatin state
allows for gene transcription, whereas a condensed or “closed” chromatin state prevents
gene transcription22. The epigenetic mechanisms currently believed to play a role in cancer
include: 1) DNA methylation of cytosine bases in CG rich sequences, called CpG Islands; 2)
post-translational modifications of histones, which are proteins that form the nucleosomes,
which regulate the packaging structure of the DNA (called chromatin); 3) microRNAs and
noncoding RNAs; and 4) nucleosome positioning22. In this review, we will focus on
aberrant DNA methylation as it is the most extensively studied deregulated epigenetic
mechanism in colorectal cancer. A number of excellent reviews on other classes of
epigenetic alterations, such as histone modifications, have recently been written, and the
interested reader is directed to those reviews25–28.

DNA Methylation-Overview
DNA methylation refers to the enzymatic addition of a methyl group to the 5-position of
cytosine by DNA methyltransferases (DNMT) to produce 5-methylcytosine, a normal base
in DNA29. Generally, the favored substrate for the DNMT’s is a CG dinucleotide sequence,
which has been termed CpG. The majority of CpGs are methylated in normal mammalian
cells with unmethylated CpGs being typically present only in regions of DNA called CpG
Islands. CpG islands are regions in the genome where the percentage of the CpG
dinucleotides is higher than would be expected based upon a random distribution of
nucleotides. Of interest, CpG’s are generally under-represented in the genome presumably
due to the susceptibility of 5-methylcytosines to undergo transition mutations secondary to
deamination30. CpG islands are often defined as sequences greater than 200–500 bases in
length with greater than 50% GC content and a ratio of observed to expected CpG ratio of
greater than 0.631. CpG islands overlap the promoter region of 60–70% of genes and tend to
be protected from methylation; however, they can become aberrantly methylated in cancer.
Methylation of CpG islands within the promoter region is correlated with transcriptional
silencing although it appears that decreased gene expression is only characteristic of a subset
of methylated genes in colorectal cancer32,33. (Figure 1) Methylation that occurs in CpG
sites outside of promoter regions, termed gene body methylation, does not correlate with
transcriptional inactivation. In fact, paradoxically, gene body methylation has been
correlated with transcriptional activation34.

It is important to recognize that DNA methylation is a normal mechanism in the mammalian
genome by which cells regulate gene expression, and that the majority of the CpG sites in
the human genome, which are located outside of promoter regions, are heavily methylated.
For example, DNA methylation is a major mechanism for X chromosome inactivation and
genomic imprinting35. As mentioned previously, the methylation state of a gene is regulated
by a family of DNA methyltransferases (DNMTs), including, DNMT1, DNMT3a, and
DNMT3b, which transfer methyl groups from s-adenosylmethionine to DNA in either a de
novo fashion (DNMT3a and DNMT3b) or maintenance fashion (DNMT1)29,36,37. Other
important roles for DNA methylation include silencing of repetitive centromeric sequences
as well as transposons and other endoparasitic sequences; these later functions appear to be
important for maintaining genomic stability38–40. (Figure 1)
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Gene methylation patterns are established during development by the de novo DNMTs and
are critical for gene regulation. CpG methylation can lead to transcriptional inactivation via
multiple mechanism, including directly inhibiting cis-binding elements, including the
following transcription factors: AP-2, CREB, E2F, CBF and NF-KB41–45. A prominent
mechanism by which DNA methylation is thought to regulate gene expression is through
cooperative interactions with enzymes that regulate the chromatin structure, which can
induce a compacted chromatin environment that represses gene expression33. One
mechanism involved in these cooperative interactions is based on a class of proteins called
methyl-binding proteins. Methyl-binding proteins are a family of proteins that bind with
high affinity to methylated DNA resulting in a cascade of events that can alter chromatin
structure by recruiting proteins that can regulate histone acetylation, histone methylation,
and chromatin remodeling, thereby condensing the chromatin and blocking access of
transcription factors to the promoter region33. These proteins include the methyl domain
binding proteins: MeCP2, MBD1, MBD2, and MBD4; the zinc finger proteins Kaiso,
ZBTB4, and ZBTB38; and the SET-and RING-finger associated proteins, UHFR1 and
UHFR2 among others28,46. The interaction between DNA methylation, histone modification
and chromatin structure is complex, with abundant crosstalk. DNA methylation can impact
chromatin structure, but the converse is also true. Because of the epigenetic crosstalk
between DNA methylation and histone modification, aberrant DNA methylation can alter
chromatin structure and gene expression, and dysregulation of histones and their modifying
proteins may cause aberrant DNA methylation. Indeed polycomb group proteins (PcG) have
been implicated in predisposing promoters to both normal methylation and cancer related
methylation46. PcG protein complexes, PRC1 and PRC2, regulate gene expression during
embryonic development through their effects on histone modification and chromatin
condensation. Polycomb mediated repression involves proteins commonly overexpressed in
cancer, such as EZH2, and cooperates with aberrant DNA methylation to silence gene
expression by regulating chromatin compaction46. There is a close association between
methylated CpG islands and histones containing repressive post-translational modifications,
such as H3K9me3 and H3K27me3, shown to be mediated by polycomb repressive
complexes47,48. This association has raised the possibility that abnormal activity of PRC2
may be the mechanism for inducing aberrant DNA methylation in cancer30.

Recently, Feinberg and colleagues have extended the concept of CpG islands to “CpG island
shores,” which are also abnormally methylated in cancer. CpG island shores refer to areas of
less dense CpG dinucleotides within two kilobases upstream of a CpG island49. The
methylation of CpG island shores is also associated with transcriptional inactivation and
expression of splice variants. The methylation of these CpG island shores tends to be tissue
specific, and has recently been shown to be altered in colorectal cancer49,50. This driving
role of aberrant methylation of CpG island shores in the development of cancer is still
controversial and remains to be proven with additional studies, but if true, it could
potentially explain certain phenomenon related to cancer epigenetics that are poorly
understood at this time, such as cancer-related alterations in RNA splicing.

DNA methylation and cancer
Although the importance of gene mutations in the pathogenesis of cancer is widely accepted,
the role of epigenetic alterations in cancer has been controversial until recently. The first
epigenetic alteration in cancer was reported nearly three decades ago by Feinberg and
Vogelstein, who showed extensive global loss of 5’-methylcytosine content in colon cancers
as compared to the normal colon51. The global loss of DNA methylation predominantly
affects CpG dinucleotides found in repetitive sequences of DNA, such as LINE-1 and
satellite repeats. This global hypomethylation can be found in the colon in an age-dependent
fashion as well as in the early steps of the polyp→cancer progression sequence52–54. Thus,
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it appears that the global hypomethylation of DNA is an early event in the colorectal cancer
formation process. Studies of Dnmt1+/− mice demonstrate that the DNA hypomethylation
may contribute to cancer formation by permitting or inducing genomic instability39. It may
also lead to loss of imprinting (LOI) which can result in the overexpression of imprinted
genes like IGF2 and predispose to an individual to cancer55,56.

Following the discovery of DNA hypomethylation in cancer, the DNA methylation pattern
of normally unmethylated CpG islands in gene promoters of many types of neoplasms was
shown to be aberrantly hypermethylated, which is yet another distortion of normal
methylation patterns52. Genome-wide studies of cancer epigenomes reveal 1–10% of CpG
islands are aberrantly methylated, which suggests that thousands of gene promoters may be
hypermethylated in the average cancer57,58. The identification of hypermethylation of
classic tumor suppressor genes, including CDKN2A, MLH1, CDH1, and VHL, provided
indirect support for the functional role of aberrant DNA methylation in the cancer formation
process59–62. However, the significance of the global hypomethylation, and aberrant CpG
island hypermethylation was not immediately evident leaving open the idea that the
epigenetic alterations in cancers, including colorectal cancers are merely bystander
phenomenon in the cancer genome. The idea of epigenetic alterations being only passenger
events in cancer has since been disproven over the last decade by innovative studies that
have led to a richer understanding of the “driver” role of epigenetic alterations in the
development of cancer63–65. It is now accepted that both epigenetic alterations as well as
gene mutations cooperate to drive the progression of normal cells to cancer cells. The
aberrant hypermethylation of genes appears to be a common molecular mechanism for
silencing tumor suppressor genes and can contribute to cancer formation through the
transcriptional repression of these genes. In fact, it appears that in the average colon cancer
genome, many more genes are affected by aberrant methylation than by mutations, and that
aberrant methylation is the only mechanism observed for the silencing of many genes in
cancer46,66. Thus, while Knudson’s “two-hit hypothesis” initially referred to gene mutations,
either germline or somatic67, it is now understood that the “second hit” can be an epigenetic
alteration. Both genetic and epigenetic events are comparable in the selective advantage that
the event can confer to a cell’s ability to become a cancer cell. Interestingly, the specific
genes that are commonly found to be methylated in colon cancer often differ from those
commonly found to be methylated in other tumor types, suggesting that there is a selective
process driving the occurrence of methylated genes in different tumor types.

Mechanisms causing cancer related aberrant DNA methylation
The processes that mediate aberrant DNA hyper and hypo-methylation are currently under
investigation. Although specific mechanisms have yet to be identified, it is now clear that
DNA methylation is regulated through reciprocal interactions with histones, and that
alterations in the post-translational state of histones are closely associated with cancer
related alterations in DNA methylation30. It is currently not clear if the aberrant methylation
of genes in colon cancer results primarily from “selective targeting”, reflecting a
predisposition of certain genes to become hypermethylated, “selective advantage”, reflecting
the clonal outgrowth of cells that have methylated specific genes, or a combination of the
two forces30. With regards to mechanisms that could be involved with selective targeting,
the two major competing models to explain the aberrant methylation of DNA observed in
cancer are: 1) the enzymes that mediate DNA methylation, DNMT1, DNTM3a, and
DNMT3b, are over expressed, hyperactive, or misdirected; or 2) the “barrier elements” that
normally prevent DNA methylation of specific regions of DNA are impaired. Increased
DNMT expression has been proposed as a mechanism for the increased methylation seen in
the promoter region of tumors. Both increased expression and increased activity of the DNA
methyltransferases has been reported in human cancers, including colon cancer, as compared
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to normal tissues68–71. Both animal and cell line models have consistently demonstrated that
overexpression of DNMT1 and DNMT3b can induce aberrant methylation of normally
unmethylated CpG islands, similar to what is seen in human colon cancer30,69,70,72.
However, the results of studies in primary cancers are mixed with some studies showing
increased DNMT1 expression and others showing no evidence of increased expression,
particularly after normalizing for proliferation73. In fact, it may be that the fundamental
defect is not increased activity of the DNMTs, but rather misdirected activity. DNMT
activity can be directed to specific loci at least in part by histone methyltransferases and
demethylases, such as EHMT2, PRMT5, and SUV39H1, which may mediate some aspects
of aberrant DNA methylation in certain cancers. Furthermore, polycomb mediated pre-
marks, indicated by histone H3K27 methylation, has been shown to recruit DNA
methylatransferases, and may, therefore, have a role in the misdirection of
methyltransferases in cancer74,75. There is evidence for cis-acting DNA sequences that are
susceptible to cancer-specific DNA methylation. In vitro studies have shown 500-fold
differences in the methylation rate of preferred sequences (e.g. CTTGCGCAAG) compared
to resistant sequences (e.g. TGTTCGGTGG)22,76,77. The deregulation of DNMT activity in
cancer can also be shown by assessing the methylation entropy status of the cancer genome,
which reveals that cancers cells have decreased DNMT fidelity at Alu repetitive sequences
and promoter associated CpG islands, suggesting that the inherent defect in cancer cells is
related to decreased enzyme fidelity and not hyperactivity78.

Another major mechanism that may be involved in aberrant methylation of specific loci is
the impairment of barrier elements in cancer cells as compared to normal cells. Barrier
elements are postulated to be established by specific DNA sequence elements and their
associated binding protiens, and are thought to protect genes from inappropriate signals from
the surrounding genomic landscape, including DNA methylation. Proposed barrier elements
include occupancy of DNA regions by proteins such as PolII, DNA binding by histones with
specific modification states, SP1 binding sites, and VEZF1 elements46,79. The concept of
methylation spreading from densely methylated areas to surrounding sequences is termed
the “DNA neighborhood effect”, and has been proposed as a mechanism for aberrant
hypermethylation seen in tumors as a result of impaired barrier function. In support of this
concept, it has been shown that epigenetic silencing by DNA methylation can occur across a
band of chromosome up to 1Mb in size80. However, there are also many examples of locus
specific aberrant DNA methylation with no obvious “neighborhood effect” on adjacent
loci46.

In addition to selective targeting, there is also evidence for an element of “selective
advantage” driving the aberrant methylation of genes in cancer. Although it is unlikely that
aberrant DNA methylation is strictly a random event and that the methylated genes observed
in colon cancer merely reflect clonal growth advantage resulting from the abnormal
methylation, it is likely that many of the methylated genes observed in colon cancer have
been clonally selected. Consistent with the concept of “selective advantage”, cancers have
tumor specific methylation patterns and the frequency of specific methylated gene varies
widely between tumors40.

There are also other models that have been proposed to explain the aberrant DNA
methylation observed in cancers. One model is that the epigenetic alterations observed in
colon cancers are reflective of the stem cells from which the colon epithelial cells are
derived, and that the alterations observed in the cancers merely indicate the undifferentiated
state of the tumor cells22.It has also been proposed that unrepaired inflammation-mediated
halogenated DNA damage products can mimic 5-methylcytosine due to their high affinity
for methyl-binding proteins and ability to induce methylation of the daughter strand after
DNA replication, leading to the establishment and propagation of aberrant methylation81.
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This model proposes a mechanism then for the model of misdirected rather than hyperactive
DNMT activity that leads to aberrant DNA methylation. Dysregulation of noncoding
RNA’s, including microRNAs and piwiRNA’s, also contributes to epigenetic deregulation
in plants and may have a similar role in the human genome. Emerging data show that
microRNAs can induce aberrant DNA methylation by directly targeting DNA
methyltransferases82–84. Furthermore, to date there is only one example of this regulatory
mechanism in mammalian genomes involving piwi RNA’s [Watanabe, #4849]. Neither of
these proposed mechanisms appear to be a generalized mechanism for regulating DNA
methylation. However, it does appear that aberrant DNA methylation can silence microRNA
expression in cancers, playing an important role in the pathogenesis of colorectal cancer85.
In addition to misdirection of DNA methylation and microRNA dysregulation, it is also
possible that environmental agents may act as epimutagens and contribute to aberrant DNA
methylation in some tumors40.

Thus, there are many proposed mechanisms by which epigenetic gene regulation is thought
to be dysregulated in cancer, and each mechanism is supported by evidence from a variety
of different lines of experimental evidence. It is likely that no single mechanism is sufficient
to alter the cellular process and drive the pathogenesis of aberrant DNA methylation in
cancer. It is most likely that all of these mechanisms contribute to the aberrant epigenetic
regulation seen in human cancers, depending on the circumstances of the tumor.

Aberrant DNA Methylation in the Pathogenesis of Colorectal Cancer
Age and DNA methylation

Age is an important risk factor in the development of colorectal cancer, and aging colon
mucosa shows age-related global hypomethylation as well as locus-specific DNA
hypermethylation86. Originally, aberrant methylation of ESR1, IGF2, and TUSC3 was
shown to occur in histologically normal colon epithelium in an age dependent fashion, and
subsequently other genes were also shown to exhibit age-dependent methylation87–89.
Approximately half of the genes that show age-related methylation are the same genes as
those involved in the pathogenesis of colon cancer, suggesting a role for these genes in the
increased cancer susceptibility that is associated with aging. Interestingly, not only is
aberrant hypermethylation of specific gene promoters seen in aging, but there is also
evidence that global loss of methylation occurs during the aging process, suggesting that the
mechanism(s) responsible for age-related and cancer-related DNA methylation may be
shared90–92. However, the cause of age-related aberrant methylation is not known. There is
evidence to suggest that age-related hypermethylation occurs as a result of the development
of local predisposing factors in DNA that affect sites such as SP1 binding sites or tandem B1
elements, as the result of environmental exposures, or secondary to a genetic predisposition
to DNA methylation. It has been shown that SNP variants in MTHFR exist, playing a role in
regulating the availability of the methyl donor for DNMT193,94. Transcriptional control of
DNMTs is altered in aged cell lines, and it is possible that the global decrease in methylation
seen in aging is a result of a progressive decrease in DNMT1 maintenance activity on
heterochromatin, whereas upregulation of the de novo methyltransferase DNMT3b could be
responsible for the hypermethylation seen in aging68,92,95. The implication of the aberrant
DNA methylation observed in the normal tissues of older individuals is that colon cancers
arising in older people may have more epigenetic driver events than those seen in younger
people96.

DNA Methylation and Field Cancerization
In 1953 Slaughter et al initially introduced the concept of field cancerization in the context
of oral squamous cell carcinoma to explain the development of multiple primary tumors,
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local recurrence, abnormal tissue surrounding the cancer and mutifocal areas of
precancerous change97. The field change reflects a susceptibility of the normal tissue to
develop cancer, possibly as the result of an environmental exposure. It was conceived based
upon histologic observations; however, today it is clear that field cancerization occurs at the
molecular level. Pre-neoplastic cells with clonal relationship to the tumor can persist after
complete resection of the tumor, and it is not clear how far the cancer field can extend from
the primary tumor; it may even involve the entire organ98. There is evidence consistent with
field cancerization for numerous types of cancers including colorectal cancer99. Some
studies have established that epigenetic alterations may be indicators of field cancerization
in the colon100,101. In support of the role of methylated genes as effectors of the earliest
steps in cancer formation, studies of primary human mammary epithelial cells have shown
that the aberrant methylation of genes associates with immortalization as well as with
subsequent steps in the malignant progression of these cells102. It has also been proposed
that the aberrant methylation of genes may lock stem cells in an undifferentiated state
predisposing them to malignant transformation103. Shen et al showed that 50% of tumor-
adjacent histologically normal tissue carried detectable methylated MGMT when the
primary tumor had methylated MGMT, whereas only 12% of normal histologic tissue from
cancer-free control subjects had MGMT promoter methylation. In cases where the primary
tumor did not have methylated MGMT, only 6% of the tumor adjacent normal tissue carried
methylated MGMT104. A field effect as assessed by hypomethylated CDH3 (the gene for P-
cadherin), methylated EVL, and methylated p14 in normal colon epithelium adjacent to
colon cancer has also been shown105–107. In an extension of single gene studies, Belshaw et
al assessed age-dependent gene methylation of a panel of genes, APC, AXIN2, DKK1,
HPP1, TUSC3, p16, SFRP1, SFRP2 and SFRP4, in normal colon mucosa and found
significant differences in gene methylation levels between people with and without colon
neoplasms. They employed a multinomial logistic regression model based on the DNA
methylation status of APC, TMEFF2 (HPP1), CDKN2A (p16), SFRP4, WIF1, and ESR1 of
the normal mucosa of cancer patients as well as of normal patients, and were able to
correctly identify 79% of cancer patients and 88% of cancer-free patients108. Other groups
have similarly found panels of methylated genes in the normal colon mucosa that correlate
with concurrent neoplasm status, although different genes have been used in the different
studies101. Further evidence for the role of methylation field defects as effectors in
cancerization comes from studies of synchronous tumors. Synchronous colorectal cancers
have been shown to have similar epigenetic events through concordant DNA methylation
patterns in multiple genes thought to be in important in colorectal carcinogenesis71,109. A
major question related to field cancerization is what underlying factor mediates this process.
Although some studies have shown a correlation with folate exposure, most studies have not
identified an association with folate exposure and the methylation state of genes in the
normal colon mucosa110.

Of interest, the methylation state of DNA repair genes, such as MGMT and MLH1, in the
adjacent normal mucosa can also be shown to correlate with specific mutations in the
tumors, such as KRAS mutations or microsatellite instability, respectively, which are
predicted to result from loss of function of these genes. This suggests that epigenetic
alterations are creating a predisposition for specific cancer related mutations100,111.
Hypermethylation and downregulation of SFRP genes are present in monoclonal aberrant
crypt foci lacking APC mutations. This is thought to contribute to constitutive WNT ligand
signaling and decreased apoptosis, which may cancerize the field making those cells
particularly sensitive to further activating events in the WNT pathway65. The methylation
patterns of SFRP genes, which regulate the Wnt signaling pathway, in this case may be
useful in predicting the risk of developing colon cancer108. However, the relationship
between the aberrant gene methylation in the normal colon mucosa and priming of the
mucosa to undergo cancer formation appears to be complex as there is also data suggesting
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that hypomethylation of genes that undergo age-related DNA methylation correlates with the
presence of colorectal neoplasms in the CpG Island Methylator Phenotype (CIMP)
molecular class101. At this time, it still remains to be determined whether the methylated
genes detected in the normal mucosa are truly indicative of a field effect in the colon or are a
marker of an associated phenomenon, such as folate status or tobacco exposure112,113. It is
also clear that the methylation state of the right and left colon vary, and that this aspect of
normal mucosa sampling needs to be taken into consideration when measuring the
methylation state of genes in normal colon mucosa114,115.

Epigenetic alterations in the initiation and progression of colorectal cancer
Hundreds to thousands of genes are thought to be aberrantly methylated in the average
colorectal cancer genome, and only a subset are likely important in the pathogenesis of these
cancers. Of these many methylated genes, there are already numerous genes that have been
shown to be commonly hypermethylated as well as silenced in colorectal cancer (Table 1),
and our understanding of the role that aberrantly methylated genes play in the initiation and
progression of the polyp→cancer sequence continues to evolve as additional methylated
genes are identified (Figure 2). As might be expected given the detection of methylated
genes in the normal mucosa of people at elevated risk of colorectal cancer, methylated genes
can be detected in aberrant crypt foci and adenomas as well as in adenocarcinomas116.
Examples of genes methylated early in the adenoma→carcinoma sequence include ITGA4,
MGMT, SLC5A8, SFRP2, and MINT1116–121. Notably, the most substantial increase in
gene methylation is seen in the normal mucosa to adenoma step of the polyp→cancer
progression sequence, with the most substantial increases seen when comparing normal
mucosa to early adenomas, and early adenomas to advanced adenomas121. The proportion of
neoplasms that carry methylated genes is not significantly different between advanced
adenomas and adenocarcinomas but the frequency of methylation of specific genes does
vary between early adenomas, advanced adenomas and adenocarcinomas121,122. LINE-1
DNA hypomethylation in the polyp→cancer sequence shares a similar pattern with local
promoter hypermethylation in that there is a substantial difference in the levels of LINE-1
hypomethylation and local hypermethylation occurring at the polyp to adenoma step of the
sequence, but no difference between levels at the adenomas to cancer step123. There is no
clear functional class of genes that appear to be more commonly affected by DNA
methylation in the adenoma step of colon cancer development compared to other steps in the
progression sequence122. Despite the lack of definitive proof, it has been proposed that
aberrant methylation of DNA repair genes, such as MGMT and MLH1, in colon adenomas
may promote the progression of adenomas to cancer by creating a permissive state for G->A
mutations, the most common mutation seen in KRAS in the case of methylated MGMT and
a permissive state for microsatellite instability in the case of methylated MLH1124,125.

In addition to the detection of methylated genes in adenomas, the CIMP phenotype can be
detected in advanced tubular adenomas but is not commonly observed in early tubular
adenomas. Interestingly, Kwon et al detected CIMP adenomas in a collection of serrated
adenomas, but not in tubular adenomas suggesting serrated adenomas may be the precursor
polyps for CIMP colorectal cancers126. It is not clear whether the detection of CIMP late in
the polyp phase of colorectal cancer formation reflects a technical issue regarding the
number of loci assessed in the studies of methylated genes in adenomas, or demonstrates
that CIMP occurs late in the polyp→cancer sequence121. This is an issue because it is
widely believed that CIMP tumors may arise from serrated adenomas, in which case it
would be reasonable to assume that CIMP would be detected in the early adenomas. To date,
methylated genes that distinguish sessile serrated adenomas from hyperplastic polyps
(CDX2, MLH1, and TLR2) have been identified, but there has yet to be consistent reporting
of a subset of early adenomas with CIMP signature of methylated genes127.
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Aberrant DNA methylation in the progression and metastasis of colorectal cancer
The progression of colon adenomas to adenocarcinomas is believed to be driven by genetic
alterations, such as mutations in TP53, but is also likely a consequence of epigenetic
alterations (Figure 2). For example, the aberrant methylation of CXLC12, a chemokine
ligand, occurs in human colorectal cancer and can promote the metastatic behavior of colon
cancer cell lines128. In addition, the frequency of tumors carrying certain methylated genes,
like TIMP3, ID4, and IRF8, is higher in colon cancer and metastases than adenomas
suggesting that the inactivation of these genes by methylation provides a clonal growth
advantage121,129. In addition to specific aberrantly methylated genes being present in
advanced colorectal cancers, hypomethylated LINE-1 elements are found to increase
linearly in more progressed colon neoplasms123,130,131(Figure 1). However, in general, it
appears that the aberrant DNA methylation of genes is predominantly involved with the
early events of colon cancer formation and less with progression events.

DNA Methylation Epigenotypes of Colorectal Cancer
Epigenetic instability in colorectal cancer is manifested in a variety of ways including
hypermethylation of gene promoters that contain CpG islands and global DNA
hypomethylation. Essentially all colorectal cancers have at least some aberrantly methylated
genes, and there appears to be a unimodal distribution of colon cancers when the proportion
of methylated genes/cancer genome is assessed. In 1999, Toyota and Issa observed that
some colorectal cancers show a high frequency of methylated genes, and they put forth the
concept that these tumors have a unique molecular pathogenesis, naming them CpG Island
Methylator Phenotype (CIMP) cancers. This concept was met with considerable
controversy, but has since been adopted due to the substantial accumulated supporting
evidence. Approximately 20% of colorectal cancers are CIMP tumors, and they are currently
identified by having >60% of methylated genes in a pre-selected panel of “CIMP marker”
genes. The panel of genes for defining CIMP still remain to be standardized, thus the criteria
used to identify CIMP tumors can vary across studies, which makes generalizing results
across studies difficult6,132–134. A commonly used panel is one defined by Weisenberger et
al which includes NEUROG1, SOCS1, RUNX3, IGF2, and CACNA1G, although it remains
to be determined which panel will ultimately be selected for determining the CIMP status of
colorectal cancers135. Regardless of which panel of CIMP markers is used, CIMP tumors
have a high frequency of BRAF c.1799T>A (p.V600E) mutations, tend to occur in the right
colon, and are more common in women135,136. The underlying cause of CIMP tumors is not
known at this time, but an association with cigarette smoking has been shown113,137.
Associations with nutritional status, body size and physical activity have also been shown.
Severe energy restriction during childhood has been shown to have a decreased CIMP
association, whereas increased BMI is associated with an increase in both CIMP and non-
CIMP cancers138,139. Although expected, no correlation between CIMP tumor status and
folate status or alcohol consumption, which would contribute to folate deficiency, has been
observed94,140 Lastly, it does appear that CIMP tumors arise most often from hyperplastic
polyps or sessile serrated polyps suggesting that they are fundamentally different from
colorectal cancers arising from tubular adenomas141.

In an extension of the CIMP concept, studies of the epigenomes of colorectal cancers have
identified groups of colorectal cancers that segregate by epigenotype32,134,142. The
epigenotypes show unique associations with a variety of mutations (ie TP53, BRAF, KRAS)
and with the genomic instability status of the cancer (i.e. microsatellite instability,
chromosome instability, or neither)142,143. The epigenotypes that have been proposed
include different classes of CIMP, including CIMP-low and CIMP-high, which is
determined by the proportion of methylated marker loci detected144. Issa and colleagues
have suggested the division of CIMP colon cancers into two distinct classes, CIMP1 and
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CIMP2, based on the results of unsupervised cluster analysis of a large panel of methylation
markers143. Based upon a study of 97 primary colorectal cancer cases, CIMP1 tumors are
often microsatellite unstable (80%), and have BRAF mutations (53%), whereas CIMP2
tumors have KRAS mutations (92%), but rarely have microsatellite instability or BRAF or
TP53 mutations143. Tumors that do not have CIMP have a high frequency of TP53
mutations (71%) and intermediate frequency of KRAS mutations (33%)143. Finally, Hinoue
et al performed genome-scale DNA methylation profiling of 125 colorectal cancers and
identified four DNA methylation–based subgroups of CRC using model-based cluster
analyses. They classified the tumors as CIMP-high (CIMP-H), which exhibits an
exceptionally high frequency of cancer-specific DNA hypermethylation, a strong association
with methylated MLH1 and mutant BRAF c.1799T>A(p.V600E); CIMP-low (CIMP-L),
which is associated with mutant KRAS32,144–147 and has a subset of CIMP-H-associated
methylated genes rather than a unique group of CpG islands; and non-CIMP tumors, which
are separated into two distinct clusters based on the association with mutant TP53 and
location of the tumor32,148.

Although CIMP tumors and the distinct epigenotypes of colorectal cancers described above
do appear to represent distinct subsets of colorectal cancers, the clinical utility of these
designations is hindered by both the lack of a universally accepted definition of the CIMP
phenotype and the lack of validation of the accuracy of the methylated gene panels for
designating the epigentoypes. Finally, considerable overlap between CIMP and sporadic
MSI tumors adds to the challenge of incorporating CIMP-status into clinical trials and
clinical decision making132. Retrospective studies suggest CIMP will ultimately be shown to
be a predictive marker for colorectal cancer, however, currently, the data is not robust
enough to recommend its clinical use143,149. Thus, the discovery and classification of CIMP
tumors has advanced our understanding of the molecular pathology of colorectal cancer but
has not yet impacted the clinical care of patients with colorectal cancer.

Mechanisms that give rise to CIMP are not yet clear, although there is a strong association
between BRAFc.1799T>A(p.V600E) mutations and CIMP colorectal cancer, suggesting a
role for activated BRAF in the pathogenesis of the methylator phenotype and a link between
sporadic MSI and CIMP132,144. Recent structural equation modeling by Tanaka et al. show
that KRAS and BRAF mutations differentially correlate with the structure of CpG island
methylation, suggesting distinct perturbations resulting in CIMP150. However, in vitro
studies of mutant BRAF in colorectal cancer cell lines have not demonstrated a direct cause
and effect relationship between BRAF and CIMP151.

Clinical Use of Methylated Genes
Biomarkers

Epigenetic biomarkers for cancer for diagnosis, prognosis and prediction of responsiveness
to therapy are already in clinical use for colorectal cancer [(Cologuard assay, (LabCorp); Epi
proColon assay, (Epigenomics)], lung cancer (Epi proLung, (Epigenomics)) and gliomas
(PredictMDX, (MDxHealth)). These are likely the first of many epigenetic biomarkers that
will ultimately be used in the clinical setting. In prostate cancer, hypermethylation of the
GSTP1 gene is a marker for disease and malignant transformation and may have a role in
conjunction with elevated KLK (PSA) for diagnosis and prognosis152. Hypermethylation of
the O6-methylguanine methyltransferase gene (MGMT), which is a DNA repair enzyme
involved in direct repair of alkylation damage products, was found to be predictive of a
favorable response in gliomas to chemotherapy with alkylating agents, carmustine and
temozolomide, and is the basis for the PredictMDx assay. Silencing of MGMT secondary to
DNA methylation inactivates MGMT leading to an increased susceptibility of the gliomas to
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chemotherapy-induced alkylation DNA damage; consequently, methylated MGMT has been
associated with improved outcomes from therapy with alkylating agents124.

With regards to the use of methylated genes as biomarkers specifically for colorectal cancer,
the most advanced uses are as DNA-based colon cancer screening assays. Currently,
colonoscopy is still the most accurate test for colorectal cancer screening; however, it is
costly and is associated with procedure-related complications as well as poor patient
compliance. In contrast, another commonly used colorectal cancer screening test, fecal
occult blood testing (FOBT) is inexpensive and simple to perform, but has a relatively low
sensitivity and specificity153. Advances in our understanding of the molecular pathology of
colorectal cancer, has led to the identification of promising early detection molecular
markers for use in non-invasive colorectal cancer screening assays154. Hypermethylation of
promoter regions in colorectal cancer occurs early in some genes, and these methylated
genes are being used as the basis for early detection markers (Table 2). At this time, stool-
based methylated VIMENTIN (mVim) is a clinically validated marker for early detection of
colorectal cancer that is now commercially available in the United States under the name
ColoGuard assay (LabCorp)155. The test exploits the fact that the vimentin gene (VIM) is
aberrantly methylated in a majority of colorectal cancers (53–84%). This early detection test
is a PCR-based assay that simultaneously measures methylated VIM as well as DNA
integrity and has reported a sensitivity of 83% and a specificity of 82%, with approximately
equal sensitivity in Stage I-III colorectal cancer patients156. In addition, in Europe and the
Middle East, there is a blood-based assay that detects methylated SEPT9 that is being
marketed as a colon cancer screening assay under the name Epi proColon (Epigenomics
AG). Currently, methods are under development to enhance the performance of stool- and
plasma-based methylation assays for clinical purposes157. The use of molecular assays, such
as the fecal-methylated VIM assay, in the clinical care of patients will likely to undergo
rapid advances and be adopted into clinical practice over the next decade.

Methylated genes may also be useful prognostic or predictive molecular marker for sporadic
colon cancer. As noted above, aberrantly methylated genes affect a number of genes in
colon cancer, including CDKN2A/p16, MGMT, THBS1, TIMP3, CDKN2A (p14ARF) and
MLH1, some of which occur early on in the polyp-cancer sequence making them especially
promising as early detection markers. Methylated MLH1 is currently being used as a marker
for sporadic as opposed to hereditary (ie Lynch syndrome) MSI cancers (Table 2). The vast
majority of sporadic MSI tumors carry methylated MLH1, whereas it is infrequent in Lynch
syndrome tumors158. Thus, methylated MLH1 status can be used to identify individuals who
should be considered for genetic testing for Lynch syndrome. CIMP status of the cancers has
also been assessed as a predictive marker for 5-FU responsiveness, however there is
conflicting data surrounding the correlation between CIMP status and responsiveness to
adjuvant 5FU therapy159–161. At this time, no single hypermethylated gene has been
identified that can predict the responsiveness of colorectal cancer to any one specific
treatment with sufficient specificity and sensitivity to be used in a clinical theranostic assay.

Although efforts to find epigenetic markers for clinical use with colorectal cancer have
mostly been focused on methylated genes, due to the inverse correlation between CpG
island methylation and global DNA hypomethylation130,131, the role of LINE-1
hypomethylation as a biomarker has also been investigated. Recently, LINE-1
hypomethylation has shown promise as a prognostic marker for shorter disease free survival
in proximal colorectal cancer162,163. Also, LINE-1 methylation was lower in patients whose
cancer recurred as compared to those whose cancer did not recur163.

Ultimately, it is expected that a clinically useful assay will be developed that will
incorporate a panel of methylated genes and mutant genes, however, the data to date is not
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robust enough to support the use of any methylated genes as predictive biomarkers at the
time of this publication.

Conclusions
The role of epigenetics in the pathogenesis of cancer has come to the forefront over the last
decade. It is now well established that epigenetic events can be driver events in the
pathogenesis of colorectal cancer, and that these epigenetic events cooperate with gene
mutations in the progression of normal colon mucosa to colon cancer, with more genes in
the colon cancer genome affected by altered DNA methylation than by gene mutations.
Aberrant DNA methylation has been the most studied aspect of epigenetic alterations in
colorectal cancer, and it is clear that global hypomethylation and local hypermethylation
occur in the majority of colorectal cancers. It has been shown that aberrant DNA
methylation generally occurs early in the polyp-cancer sequence and that these changes
contribute to the initiation of colorectal cancers; however, there are also some methylation
changes that occur later in the sequence that may contribute to the progression of cancers.
These alterations in DNA methylation contribute to the molecular heterogeneity of
colorectal cancers, as illustrated by the identification of molecular subtype of colorectal
cancers that can be identified by their unique methylated gene signatures. Given the role of
altered DNA methylation in directing the pathogenesis of colorectal cancer, studying DNA
methylation signatures and developing them as biomarkers for diagnosis, prognosis and
direction of therapy is likely to yield clinically useful assays that will be used to direct
patient care. Currently, the role of DNA methylation as clinical biomarkers is only
beginning to emerge. There are recently developed epigenetic biomarkers for the early
detection of colorectal cancer and efforts are in progress to develop epigenetic markers for
prognostic and predictive markers relevant for therapy. Finally, although the molecular
mechanisms by which aberrant DNA methylation occurs is not yet fully understood, there
are multiple models for cancer-related aberrant methylation, involving mechanisms such as
altered DNMT function and impaired barrier elements. It is likely that these mechanisms
cooperate to alter DNA methylation and other aspects of the epigenome in colorectal cancer.
Continued efforts to investigate these molecular mechanisms will allow for a better
understanding of the role of epigenetic alterations in colorectal cancer and will lead to the
translation of these insights into the clinical arena.
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Key Points

1. The average colon cancer epigenome has hundreds to thousands of abnormally
methylated genes, a subset of which is thought to drive colorectal cancer
pathogenesis and clinical behavior.

2. Alterations in DNA methylation patterns in colorectal cancer contribute to the
molecular heterogeneity of colorectal cancer as illustrated by the identification
of a CpG island methylator phenotype (CIMP) subtype of colorectal cancer that
has a distinct epigenome.

3. Clinical markers for diagnosis, prognosis and therapeutic applications are being
developed using the epigenetic alterations and DNA methylation signatures in
colorectal cancer.

4. Although the mechanisms by which aberrant DNA methylation occurs are not
yet fully understood, there may be a mechanistic connection between the altered
methylation seen in colorectal cancer and the phenomena of age related
methylation and field cancerization.
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Box 1

Epigenetics: Heritable alterations in gene expression that are not mediated by changes in
the DNA sequence

DNA Methylation: Enzymatic addition of a methyl group to the 5-position of cytosine
by either maintenance or de novo methyltransferases. DNA methylation is critical in
orchestrating gene expression and is deregulated in many cancer types including colon
cancers.

CpG Island: DNA sequences greater than 200–500 bases in length with greater than
50% GC content and a ratio of observed to expected CpG ratio of greater than 0.6. CpG
islands overlap the promoter region of 60–70% genes and tend to be protected from
methylation; however, they can become aberrantly methylated in cancer. Methylation of
CpG islands is associated with transcriptional inactivation.

CpG Island Shores: Areas of less dense CpG dinucleotides in the genome within two
kilobases 5’ of a CpG island. Methylation of CpG island shores has been shown to be
associated with transcriptional inactivation and expression of splice variants in some
studies.

Polyp: A benign neoplasm resulting from overgrowth of the colonic epithelium. Polyps
include tubular adenomas and serrated adenomas, as well as other histologic types of
benign neoplasms. Tubular adenomas more commonly arise via inactivation of the APC
tumor suppressor gene and via genetic alterations resulting from chromosomal instability.
Serrated polyps are associated with microsatellite instability and aberrant DNA
methylation.

CpG Island Methylator Phenotype (CIMP): A subgroup of colorectal cancers showing
a high frequency of methylated genes, identified by having >60% of methylated genes in
a pre-selected panel of “CIMP marker” genes. The panel of genes that defines CIMP
remains to be standardized. Approximately 20% of colorectal cancers can be classified as
CIMP.

Chromosomal instability (CIN): A subgroup of colorectal cancers showing aneuploidy,
and chromosomal losses or gains

Microsatellite instability (MSI): A subgroup of colorectal cancers showing frequent
insertion and deletions in repetitive DNA sequences. MSI is a consequence of
inactivation of the DNA Mismatch Repair enzymes.

Field cancerization: Locoregional molecular changes occurring within tissue adjacent to
cancer tissue that reflects the susceptibility of normal tissue to develop cancer. Epigenetic
alterations may be indicators of field cancerization in the colon
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Figure 1.
CpG Island DNA hypermethylation and global DNA hypomethylation in colorectal cancer
as compared to normal colonic epithelium. Open lollipops represent unmethylated CpG sites
in the genome. Closed lollipops represent methylated CpG sites within the genome.
Unmethylated CpG islands within the promoter region of genes are correlated with an open
chromatin structure (euchromatin) whereas methylated CpG islands are correlated with a
condensed, closed chromatin structure (heterochromatin) and transcriptional silencing.
Normal colonic epithelium generally has unmethylated CpG islands in the promoter regions
of genes, whereas aberrant hypermethylation of promoter associated CpG islands is a
hallmark of neoplasms. In addition to the aberrant local hypermethylation seen in colorectal
cancers, global hypomethylation at LINE-1 sequences is also observed, which has been
shown to associate with genomic instability. Interestingly, there is an inverse association
between local CpG island hypermethylation and global LINE-1 hypomethylation as colonic
neoplasms progress.
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Figure 2.
Common methylated genes (and loci) identified at the histologic steps of the colorectal
cancer polyp-adenoma-carcinoma sequence. Specific gene and loci hypermethylation has
been observed in the different steps of the adenoma-cancer progression sequence implicating
these genes in either the initiation of progression of colorectal cancer. The genes listed
between normal epithelium and aberrant crypt focus as well as those genes listed between
aberrant crypt focus and polyp/adenoma may be involved in the initiation of colorectal
cancer. Those genes listed between polyp/adenoma and adenocarcinoma may play a role in
the progression and metastasis of colorectal cancer. Note that we have only included genes
(and loci) that have consistently been found to be hypermethylated at specific points in the
progression sequence. *MINT1 and MINT31 are not genes; rather they are loci that have
been found to be “methylated in tumor,” (aka MINT).
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Table 1

Representative Genes Commonly Methylated and Silenced in Colorectal Cancer

Gene Protein Function* Effect of Loss of
Function

APC Adenomatous polyposis coli Wnt signaling pathway inhibition Increased Wnt/β-catenin signaling

MLH1 MutL homolog 1 DNA Mismatch repair Microsatellite instability

MGMT O-6-methylguanine-DNA methyltransferase Repair of alkylation DNA damage Increased G→A mutation
frequency

RASSF1A Ras association domain family 1 (isoform
A)

Negative RAS effector, pro-
apoptotic, microtubule stablization

Increased RAS/RAF/MAP kinase
signaling, death receptor-
dependent apoptosis

SLC5A8 Sodium solute symporter family 5 member
8

Sodium and short chain fatty acid
transporter, suppresses colony
formation

?

RUNX3 Runt-related transcription factor 3 Transcription factor Decreased TGF-β/BMP signaling

MINT1** Methylated in tumor locus 3 NA NA

MINT31** Methylated in tumor locus 31 NA NA

SFRP1 Secreted frizzled-related protein 1 Wnt antagonist Increased Wnt/β-catenin signaling

SFRP2 Secreted frizzled-related protein 2 Wnt antagonist Increased Wnt/β-catenin signaling

CDH1 E-Cadherin Calcium dependent cell-cell
adhesion glycoprotein

Loss of cell adhesion, possible
increased Wnt/β-catenin signaling

CDH13 Cadherin 13 Selective cell recognition and
adhesion, anti-apoptotic

Increased PI3K/Akt/mTOR
signaling, MAPK signaling

CRABP1 Retinol-binding protein 1 Carrier protein for transport of
retinol, promotes apoptosis

?

CDKN2A/p16 Cyclin-dependent kinase inhibitor 2A Regulates cell cycle G1 progression Increased cell proliferation

HLTF Helicase-like transcription factor dsDNA translocase, fork
remodeling activity, ubiquitin ligase

Impaired DNA repair

CDKN2A (P14, ARF) Protein 14 Inhibits E3 ubiquitin ligase Decreased p53 stabilization and
activation

ESR1 Estrogen receptor 1 Ligand-activated transcription factor Loss of estrogen receptor
signaling

TIMP3 Tissue inhibitor of metalloproteinase 3 Inhibition of MMPs and ADAMs Increased EGF receptor signaling,
TNFalpha signaling

CXCL12 Chemokine (C-X-C motif) ligand 12 Alpha chemokine Increased tumor cell metastases

ID4 Inhibitor of DNA binding 4 Transcription factor ?

IRF8 Interferon regulatory factor 8 Transcription factor Interferon signaling

THBS1/TSP1 Thrombospondin 1 Cell-to-cell and cell-to-matrix
adhesive glycoprotein

Decreased TGF-β1 signaling

DAPK Death associated protein kinase Induction of cell death Interferon gamma signaling, TNF
alpha signaling, Fas/APO1
signaling

VIM Vimentin Stablizing cytoskeleton No known biological effect

SEPT9 Septin 9 GTPase, formation of filaments Impaired Cytokinesis and loss of
cell cycle control

*
Many of these gene products have multiple functions. The listed function in this table is the one most commonly cited as the one responsible for

colorectal cancer formation.

Nat Rev Gastroenterol Hepatol. Author manuscript; available in PMC 2012 July 08.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Lao and Grady Page 27

**
MINTs are Methylated IN Tumor loci, and are not specific genes.
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Table 2

Current and Potential Methylated Gene Biomarkers for Colon Neoplasms

Gene Abnormality Biomarker function

MLH1 Hypermethylation Sporadic MSI tumor marker (The likelihood of Lynch syndrome decreases if MLH1 is methylated.)

VIM Hypermethylation Early detection of CRC

SEPT9 Hypermethylation Early detection of CRC
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