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A subset of colorectal cancers was postulated to have the CpG island methylator phenotype (CIMP), a higher propensity
for CpG island DNA methylation. The validity of CIMP, its molecular basis, and its prognostic value remain highly
controversial. Using MBD-isolated genome sequencing, we mapped and compared genome-wide DNA methylation
profiles of normal, non-CIMP, and CIMP colon specimens. Multidimensional scaling analysis revealed that each specimen
could be clearly classified as normal, non-CIMP, and CIMP, thus signifying that these three groups have distinctly different
global methylation patterns. We discovered 3780 sites in various genomic contexts that were hypermethylated in both
non-CIMP and CIMP colon cancers when compared with normal colon. An additional 2026 sites were found to be
hypermethylated in CIMP tumors only; and importantly, 80% of these sites were located in CpG islands. These data
demonstrate on a genome-wide level that the additional hypermethylation seen in CIMP tumors occurs almost exclusively
at CpG islands and support definitively that these tumors were appropriately named. When these sites were examined
more closely, we found that 25% were adjacent to sites that were also hypermethylated in non-CIMP tumors. Thus, CIMP
is also characterized by more extensive methylation of sites that are already prone to be hypermethylated in colon cancer.
These observations indicate that CIMP tumors have specific defects in controlling both DNA methylation seeding and
spreading and serve as an important first step in delineating molecular mechanisms that control these processes.

[Supplemental material is available for this article.]

Promoter CpG island hypermethylation is a common strategy for

cancer cells to silence tumor-suppressor gene expression ( Jones and

Baylin 2002). The notion of CpG island methylator phenotype

(CIMP) arose from the initial observation that a subset of colorectal

cancers has higher frequency of DNA hypermethylation at candidate

tumor-suppressor promoters (Toyota et al. 1999). Thus far, the

hypermethylated sites used to characterize CIMP have not been

standardized, leading to inconsistencies in whether a colon cancer is

appropriately described as CIMP ( Yamashita et al. 2003; Issa 2004;

Anacleto et al. 2005). Consequently, clinical studies attempting to

correlate CIMP with prognosis and responsiveness to 5-fluorouracil

chemotherapy have produced contradicting results ( Van Rijnsoever

et al. 2003; Shen et al. 2007; Barault et al. 2008; Lee et al. 2008; Kim

et al. 2009; Ogino et al. 2009). Therefore, the uncertainty of CIMP’s

prognostic value may be linked to discrepancies in molecular classi-

fication. Objective validation of CIMP as an authentic genome-wide

phenomenon and delineating a consistent set of molecular markers

to classify tumors will be vital in determining its clinical relevance.

As a first step in unraveling the CIMP conundrum, we propose

that a comparison of the DNA methylomes of normal colon, non-

CIMP colon cancer, and CIMP colon cancer patient specimens is

necessary. While genome-scale, array-based platforms may be suffi-

cient in visualizing subgroups of colon cancers with a distinct prefer-

ence for DNA methylation at loci present on the arrays, this type of

approach cannot assess if (1) DNA methylation patterns in all ge-

nomic contexts are significantly different among the subgroups and

are similar within each subgroup; (2) CpG islands are truly the

preferential methylation targets in CIMP; and (3) additional molec-

ular features, other than CpG island DNA methylation, can distin-

guish CIMP. Sequencing-based approaches, on the other hand, can

objectively survey the genome to allow construction of individual

DNA methylome profiles to answer the above questions. Currently,

the most widely used marker panel for defining CIMP consists of

CpG islands at CACNA1G, IGF2, NEUROG1, RUNX3, and SOCS1

(Weisenberger et al. 2006). In addition to defining DNA methylation

markers for CIMP, this study also uncovered a close association be-

tween CIMP, BRAF mutation, and microsatellite instability (MSI).

Here we use massively parallel sequencing technology to directly test,

on the whole-genome level with minimum ascertainment bias, if

these markers truly differentiate between subgroups of colon cancers

with different propensities for CpG island DNA hypermethylation.

Results

CIMP markers differentiate between subgroups with distinct
genome-wide DNA methylation patterns

We used MBD-isolated genome sequencing (MiGS) (Serre et al.

2010) to map the DNA methylomes of three sets of normal colon,

non-CIMP colon cancers, and CIMP colon cancers. Briefly, we in-

cubated randomly sheared genomic DNA from each sample with

recombinant methyl CpG-biding domain (MBD) proteins to capture

methylated DNA fragments for sequencing on the Illumina Genome
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Analyzer II. The CIMP tumors were selected based on DNA meth-

ylation at the five markers described by Weisenberger et al. and the

presence of MSI and BRAF mutations ( Weisenberger et al. 2006). The

non-CIMP tumors have no methylation at the five markers, do not

have MSI, and harbor KRAS mutations, which are mutually exclusive

of BRAF mutations in colon cancer.

At a threshold of <5% false discovery rate (FDR), we assembled

the DNA methylome of each specimen with the sequencing reads

and visualized the nine samples based on their global DNA meth-

ylation profiles in a multidimensional scaling plot (Fig. 1A). The

samples clustered to form three distinct groups consisting of normal

(N1, N2, and N3), non-CIMP (T1, T2, and T3), and CIMP (T4, T5,

and T6) specimens, respectively. This grouping pattern was in-

dependently verified by Principle Component Analysis and un-

supervised hierarchical clustering using correlation distance (data

not shown). This result suggests that our sample selection criteria

robustly identified two populations of colon cancers that differ in

their genome-wide DNA methylation profiles.

CIMP tumors have significantly more CpG island DNA
methylation on a genomic scale

Using the grouping structure revealed above, we tested for sites of

differential DNA methylation among the three categories. While

we could detect both quantitative and qualitative differential

methylation in our data set, quantitative differences may be con-

founded by other genomic aberrations, such as copy number varia-

tions. Therefore, we focused our analysis on qualitative, sharp yes/no

differential DNA methylation. We defined sharp yes/no differential

DNA methylation as sites whose methylation pattern is consistent

among samples in the same group but show a clear presence or ab-

sence of DNA methylation among the different groups. At <5% FDR,

we identified 6135 differentially methylated sites between normal,

non-CIMP, and CIMP (Table 1; Supplemental Table 1). Unsupervised

clustering of the nine samples based on their methylation status at

these 6135 sites corroborated the grouping structure observed using

the whole-genome data (Fig. 1B). We detected sharp yes/no differen-

tial DNA methylation on all 24 chromosomes (Fig. 1C). Bisulfite se-

quencing performed on 15 randomly selected sites verified the MiGS

data with 100% validation rate (examples in Supplemental Figs. 1, 2).

Consistent with previous reports, CIMP and non-CIMP colon

cancers share a large number of hypermethylated sites (3780)

when compared with normal colon (Table 1; Jones and Baylin

2002; Weisenberger et al. 2006). These commonly hypermethylated

sites in all tumors are enriched for CpG islands but contain less re-

petitive family sequences than the genome average (Supplemental

Table 2). These enrichment patterns are consistent with an existing

paradigm of hotspots for DNA hypermethylation in colon cancers.

Figure 1. Mapping and comparisons of the DNA methylomes of normal colon, non-CIMP colon cancer, and CIMP colon cancer specimens. (A)
Multidimensional scaling plot of the nine samples using their individual genome-wide DNA methylation profiles. (Red dots) Normal colon samples; (green
dots) non-CIMP colon cancer samples; (blue dots) CIMP colon cancer samples. (B) Heatmap and unsupervised hierarchical clustering of the nine samples
based on their individual DNA methylation status at 6135 sharp yes/no differentially methylated sites. (N1, N2, N3) Normal colon specimens; (T1, T2, T3)
non-CIMP cancer specimens; ( T4, T5, T6) CIMP cancer specimens. (C ) Spatial distribution of sharp yes/no differentially methylated sites in the genome.
Each sharp yes/no differentially methylated site is represented by a vertical tick below each chromosome. Each differential methylation pattern is repre-
sented by one color according to the color key. The blue horizontal line under each chromosome represents regions of the chromosome where DNA
methylation was detected in any of the nine samples.
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In addition to the shared hypermethylation, CIMP tumors have an

additional 2026 unique hypermethylated sites compared with only

49 sites that are unique to non-CIMP tumors. This difference (Chi-

square test, p < 2.2 3 10�16) supports the hypothesis that CIMP

tumors have higher levels of DNA methylation when compared

with non-CIMP tumors. Furthermore, we tested select CIMP-specific

hypermethylated loci in adjacent normal specimens using methyla-

tion-specific PCR (MSP) and verified that there is no basal-level DNA

methylation at these sites in the normal colon, from which the CIMP

tumors arose (Supplemental Fig. 3).

CIMP-specific hypermethylation is not restricted to any one

genomic context, but CpG islands account for 80% of these sites

(Table 1). Proportionally, promoter hypermethylation increased

from 40% in hypermethylated sites shared by all tumors to 47% in

CIMP-unique sites, and this increase is largely attributable to CpG

island hypermethylation in the promoter context. By directly

comparing the coverage of CpG island sequences by the CIMP-

specific hypermethylated sites to that of the genome, we determined

that this apparent enrichment is statisti-

cally significant (one-sided Binomial test,

p < 2.23 3 10�308) (Supplemental Table 2).

It is important to note that in CIMP tumors,

the proportion of total detected methyla-

tion that did not overlap CpG islands was

still significantly higher than methylation

that did overlap CpG islands (83.8% vs.

16.2%), demonstrating that the enrich-

ment for CpG island hypermethylation

cannot be explained by an assay bias (Sup-

plemental Fig. 4). These data together dem-

onstrate, for the first time on a genome-

wide scale, that CIMP cancers truly have

a higher propensity for CpG island

hypermethylation.

Genome-wide analysis reveals a novel
methylation expansion phenotype
in CIMP

Further examination of differential meth-

ylation revealed that 506 CIMP-unique

sites were contiguous with sites hyper-

methylated in all tumors. These sites rep-

resent CIMP-specific extension of tumor-

specific methylation, and B3GAT2 is an

example of a gene promoter where this

phenomenon is observed (Fig. 2). Both non-

CIMP and CIMP tumors showed hyper-

methylation of this gene, but CIMP tumors

displayed additional hypermethylated sequences toward the 39

end when compared with non-CIMP tumors. Such extensions of

hypermethylated regions in CIMP tumors were seen in six possible

arrangements at 488 regions throughout the genome (Fig. 3A; Sup-

plemental Table 1). At these locations, the lengths of the methylated

regions in CIMP were significantly larger (Welch t-test, p = 8.6 3

10�70) than those in non-CIMP tumors (Fig. 3B). This regional ex-

pansion is specific to these 488 sites and was not observed at other

hypermethylated sites (Fig. 3C). The reverse phenomenon, exten-

sion of hypermethylated sites in non-CIMP tumors, was observed at

only eight regions.

Recently, DNA methylation patterning has been linked to nu-

cleosome positioning in human cells ( Jeong et al. 2009; Chodavarapu

et al. 2010), prompting us to investigate if this expansion pheno-

type in CIMP could be explained by nucleosome deposition. The

sizes of the expanded regions were plotted on a histogram, but no

distinct periodicity relating to nucleosome size was found (Fig. 3D).

However, our approach relied on analyzing the genome using 50-

Table 1. Summary of sharp yes/no differential DNA methylation sites

Number of sites (percentage of total)

Pattern Total Promoter
CpG

island
Promoter

CpG island
Non-promoter

CpG island
Non-promoter CpG

island with CAGE tags

Hypermethylated in CIMP only 2026 958 (47%) 1619 (80%) 845 (42%) 774 (38%) 683 (34%)
Hypermethylated in non-CIMP only 49 14 (29%) 25 (51%) 11 (22%) 14 (29%) 13 (27%)
Hypermethylated in all tumors 3780 1506 (40%) 3139 (83%) 1360 (36%) 1779 (47%) 1737 (46%)
Hypomethylated in CIMP only 68 0 (0%) 6 (9%) 0 (0%) 6 (9%) 6 (9%)
Hypomethylated in non-CIMP only 17 0 (0%) 12 (71%) 0 (0%) 12 (71%) 10 (59%)
Hypomethylated in all tumors 195 8 (4%) 7 (4%) 1 (1%) 6 (3%) 5 (3%)

Figure 2. Bisulfite sequencing of the B3GAT2 promoter. The B3GAT2 promoter is an example of
a hypermethylation site shared by all tumors but is more extensively methylated in CIMP tumors. The
UCSC Genome Browser screen capture shows the DNA methylation signal in each sample. The rect-
angles mark the regions validated by bisulfite sequencing and are color-coded to the corresponding
bisulfite sequencing data. Each circle represents a CpG dinucleotide. (Black circles) Methylated cyto-
sines; (white circles) unmethylated cytosines.
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bp windows and may not have the resolution needed to capture

this phenomenon. Another possible mechanism for the spreading

of DNA methylation in CIMP is targeted DNA methylation by spe-

cific DNA binding factors. Through sequence motif analysis, we

identified 19 motifs that occurred frequently in these regions

(Supplemental Table 3). Many of the factors that bind to these

motifs, including SP1 and TFAP2A (AP2-a), are known to regulate

CpG-island-containing promoters and, therefore, are not surprising

to be associated with these hypermethylated regions. However, our

analysis also identified unexpected candidates, such as ZBTB7B

(CKROX) and CNOT3 (Fig. 3E), which warrant further empirical

validation to establish a causal relationship to the observed DNA

methylation spreading in CIMP.

Interestingly, unidirectional expansion of DNA methylation

occurs in 86.7% of these regions as opposed to only 2.3% exhibiting

bidirectional expansion (Fig. 3A). We performed motif analysis

separately on these two subsets to determine if qualitative differences

exist between them to explain the frequency disparity. While most

identified motifs are common to both subsets, we did discover motifs

unique to each subset that may suggest a more deliberate mecha-

nism in dictating the pattern of DNA methylation spreading (Sup-

plemental Table 3). For example, the binding motifs for transcription

factors, WT1 and TEAD2 (ETF), were detected exclusively in all

sequences within the bidirectional subset, while the binding mo-

tifs for ZNF148 (ZBP89) and RREB1 were found only in the unidi-

rectional subset (Fig. 3E). Alternatively, the observed directionality

could be a result of functional selection. The initial spreading of

DNA methylation in CIMP may be bidirectional at most sites as

sequelae of loss of boundary control. However, only the segments

that confer functional advantages for the cancer cells were main-

tained through clonal expansion and observed in the resultant

cancer. Supportive of this hypothesis, at least 67 regions contain-

ing the CIMP-specific extensions resulted in DNA methylation at

either additional gene promoters or multiple annotated alternative

transcription start sites (Supplemental Table 1). Of these, four re-

gions displayed bidirectional expansions, while the remaining 63

showed unidirectional expansions.

Additional DNA hypermethylation in CIMP reinforces core
cancer pathway changes

Of the 3975 sites differentially methylated between normal and tu-

mor, 1514 sites overlapped with 1465 RefSeq gene promoters (Sup-

plemental Table 1). Altered methylation of these gene promoters

Figure 3. Expansion of hypermethylation sites in CIMP. (A) Summary of the different types of CIMP-unique expansion of hypermethylation sites. Each
colored rectangle denotes a positive methylation signal. ( Yellow rectangles) DNA methylation regions shared by all tumors; (orange rectangles) DNA
methylation regions observed only in CIMP tumors. (B) Boxplot comparing the sizes of hypermethylated regions in non-CIMP and CIMP tumors at the 488
sites with apparent expansion in CIMP. (Red box) Contains sites in non-CIMP tumors; (blue box) contains sites in CIMP tumors. The P-value for the
difference detected is indicated. (C ) Boxplot comparing the sizes of all other hypermethylated regions in non-CIMP and CIMP tumors. (Red box) Contains
sites shared by all tumors (n = 3133); (blue box) contains sites unique to CIMP tumors (n = 1507). The P-value for the difference detected is indicated. (D)
The size distribution of the expanded methylation regions in CIMP. The number of sites is tabulated for each length of the CIMP-specific expansions
observed. (E ) Motif analysis of all expansion regions (entire regions containing both the shared hypermethylation and the CIMP-specific expansions, n =
1180), unidirectional subset (CIMP-specific expansion that extends in only one direction from the shared hypermethylation, n = 423), and bidirectional
subset (CIMP-specific expansion that extends both 59 and 39 from the shared hypermethylation, n = 22). The frequency of observing each motif within
each subset of sequences is expressed as a percentage (% sites). The P-value of enrichment testing for individual motifs in each data set is indicated.
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likely affect transcriptional activity, resulting in changes to cellular

functions (Suzuki and Bird 2008). To understand how these genes can

promote tumor development, we mapped them to the 12 core cancer

signaling pathways (Fig. 4; Supplemental Table 4; Jones et al. 2008).

Four hundred thirty hypermethylated genes shared by all tumors

mapped to at least one pathway in this analysis. We performed

a similar analysis for RefSeq gene promoters differentially methylated

in CIMP cancers only and identified an additional 204 hyper-

methylated genes mapping to the core cancer pathways (Fig. 4).

Using publicly available expression data sets (Rhodes et al. 2004;

Parkinson et al. 2005), we were able to verify congruent differential

gene expression in colon cancers for at least 137 and 57 genes in

tumor-specific and CIMP-specific hypermethylated gene sets, re-

spectively (Supplemental Table 5). Through this analysis, we could

see that aberrant DNA methylation in colon cancers affects all 12

cancer signaling pathways. Furthermore, by separating the genes

shared by all tumors from those unique to CIMP, additional epi-

genetic perturbation in almost all aspects of tumor biology is evi-

dent in CIMP (Fig. 4).

Of note, this may still be an incomplete view of the effects of

altered DNA methylation in colon cancers because non-promoter

differential methylation, which was omitted in our pathway analy-

sis, can also contribute to altered genome expression. For instance,

non-promoter CpG islands have been demonstrated to represent

cryptic alternative transcription start sites (Maunakea et al. 2010)

and yet-to-be-characterized gene promoters (Illingworth et al. 2010).

In fact, cap analysis of gene expression (CAGE) (Kodzius et al. 2006)

sequence tags were detected at significant proportions of differen-

tially methylated non-promoter CpG islands in our study (Table 1),

providing evidence of possible transcription initiation at these sites.

Furthermore, DNA methylation can modulate miRNA expression

(Han et al. 2007; Lujambio et al. 2007; Toyota et al. 2008; Yan et al.

2011) and binding of regulatory proteins, such as CCCTC-binding

factor (CTCF) (Bell and Felsenfeld 2000; Yang et al. 2003). Thus, non-

promoter differential methylation overlapping these genomic ele-

ments can also alter cellular functions through differential expres-

sion of miRNAs and regulation of enhancer activities (Supplemental

Table 1). In fact, differentially methylated sites shared by all tumors

and unique to CIMP tumors both show enrichment for empirical

CTCF binding sites when compared with the genome (Supplemental

Table 2).

Unique sequence motifs identified in CIMP-specific
hypermethylated sites

To begin addressing the mechanism behind increased DNA

hypermethylation in CIMP tumors, we performed DNA sequence

motif analysis for hypermethylated sites shared by all tumors and

those unique to CIMP as separate data sets. The two sets of sequences

share a large number of enriched motifs and show significant en-

richment for binding sites of known CpG island-associated tran-

scription factors, such as SP1, SP4, and TFAP2A (Fig. 5). Besides these

expected motifs, we also identified some interesting common can-

didate transcription factors, such as TRIM28 and ZNF263, which are

not readily associated with DNA methylation. Interestingly, TRIM28

is known to associate with SETDB1, a histone H3, lysine 9–specific

methyltransferase, and HP1 to mediate heterochromatin formation

(Schultz et al. 2002; Sripathy et al. 2006).

More importantly, we identified the binding motifs for

ZNF148 and PLAG1 to be uniquely enriched in the CIMP-specific

hypermethylated subset (Fig. 5B). ZNF148 recognition motifs were

found in 88% of the CIMP-specific hypermethylated sequences,

while PLAG1 sites were detected in 62.4% of these same sequences.

ZNF148, a Krüppel family zinc finger protein (Wang et al. 1993;

Tommerup and Vissing 1995), binds to GC-rich DNA sequences

and has been shown to recruit histone-modifying enzymes to

modulate transcriptional activities at target promoters (Wu et al.

2007; Feng et al. 2009). PLAG1, an imprinted zinc finger protein, is

oncogenic in salivary gland tumors and lipoblastoma (Kas et al.

1997; Astrom et al. 1999; Hibbard et al. 2000). While neither factor

has been shown to directly associate with or target DNA meth-

ylation, these proteins may be reasonable candidates for future

mechanistic studies. Their expression patterns in normal colon,

non-CIMP cancers, and CIMP cancers as well as direct binding to

CIMP-specific hypermethylated sequences will help clarify their

roles in the initiation and propagation of aberrant DNA methyla-

tion in CIMP colon cancers.

Discussion
Aberrant DNA methylation patterns are a hallmark of human can-

cers. This phenomenon is particularly well studied in colorectal

carcinoma, where global hypomethylation as determined by altered

digestion patterns with methylation-sensitive restriction enzymes

was first reported more than 25 years ago (Feinberg and Vogelstein

1983). Gene-specific hypermethylation was described several years

later (de Bustros et al. 1988); and with the development of new

techniques such as bisulfite genomic sequencing (Clark et al. 1994)

and methylation-specific PCR (Herman et al. 1996), the number of

hypermethylated loci characterized in colon cancer has skyrocketed.

Upon closer examination of these sites, there was growing evidence

for the presence of a subset of colon cancers that consistently showed

hypermethylation of a specific set of genes. This subset of colon

cancers was described as having a CpG island methylator phenotype.

The original report used a candidate gene approach to establish that

CIMP tumors frequently have the CDKN2A (also known as p16 ),

THBS1, and MLH1 loci hypermethylated (Toyota et al. 1999). Clini-

Figure 4. Differentially methylated genes mapped to the 12 core
cancer pathways. The 12 signaling pathways and processes that are most
frequently altered in cancer are shown in satellite circles. The number of
differentially methylated genes mapped to each of the 12 categories is
indicated next to each circle. (Black numbers) The number of genes shared
by all tumors; (red numbers) the number of additional genes unique to
CIMP tumors.
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cal studies attempting to correlate CIMP status with clinical outcome

have been confusing. CIMP tumors are typically associated with

proximal tumor location, but whether it confers a good or poor

prognosis is still unresolved and may depend on other markers such

as BRAF mutation, KRAS mutation, and microsatellite instability (Van

Rijnsoever et al. 2003; Barault et al. 2008; Ogino et al. 2009; Dahlin

et al. 2010). These compounding variables along with the lack of

a consistent, objective definition of CIMP have hindered the

ability to determine its true clinical impact.

In light of this uncertainty regarding the behavior of CIMP

tumors, we have characterized the DNA methylomes of CIMP and

non-CIMP colon cancers using the definition of CIMP as proposed

by Weisenberger et al. (2006). Specifically, the CIMP tumors we

studied were hypermethylated at CACNA1G, IGF2, NEUROG1,

RUNX3, and SOCS1, microsatellite unstable, and harbored BRAF

mutations. The non-CIMP tumors we studied did not have any

hypermethylation at those five loci, were microsatellite stable, and

harbored KRAS mutations. Using these stringent definitions, the

MiGS analysis established the presence of three well-defined groups

according to their genome-wide DNA methylation patterns: normal

colon, CIMP tumors, and non-CIMP tumors. This result clearly

demonstrates that, as long as the definition of CIMP is strictly ad-

hered to, CIMP and non-CIMP tumors are distinctly different. Thus,

future studies using whole-genome DNA methylation analysis can

use the clusters that we have generated to determine whether

a tumor is more related to CIMP or non-CIMP. For example, tumors

with varying numbers of positive CIMP markers, microsatellite

stability, BRAF mutation, and KRAS mutation status can be placed

on this multidimensional scaling plot to visualize how they ulti-

mately cluster with respect to the CIMP and non-CIMP tumors.

This will help objectively define the threshold for CIMP classifi-

cation and identify additional distinct subgroups. Perhaps with

this information, the problem of CIMP as a prognostic indicator

can finally be solved.

One particularly striking result of our study is the discovery

that CIMP tumors truly are prone to increased aberrant methylation.

Moreover, CIMP tumors do not indiscriminately increase methyla-

tion in all regions of the genome. We showed that, of the hyper-

methylation sites that are unique to CIMP tumors, 80% of them

occur in CpG islands and 42% map to promoter CpG islands. Thus,

CIMP is truly an appropriate name for these tumors. MiGS is partic-

ularly suitable for making this observation since it is a technique that

relies on next-generation sequencing and has only limited ascer-

tainment bias (Bock et al. 2010; Harris et al. 2010). We have also

described the functional consequence of this dramatic increase in

CpG island hypermethylation by comparing methylation status with

available gene expression data. All 12 core cancer signaling pathways

are affected, and additional sites that are only hypermethylated in

CIMP tumors may serve to reinforce the epigenetic changes to these

pathways that typically occur in colorectal cancers. As epigenetic

therapies gain traction, evaluation of the methylation status of these

sites will be an important aspect of assessing treatment effect.

How abnormal methylation patterns develop in colon cancer

is still unclear. There are some data suggesting that the expression

of DNA methyltransferase 1, the enzyme responsible for main-

taining DNA methylation in mammals, becomes progressively

dysregulated during colorectal carcinogenesis (De Marzo et al.

1999), but the timing of this dysregulation with respect to the

genesis of altered DNA methylation patterns remains to be clarified.

Our detailed catalog of differentially methylated sites provides an

attractive opportunity for generating new hypotheses for the ori-

gin of aberrant DNA methylation in colon cancer. In the present

Figure 5. Motif analysis for differentially methylated sites. Motif analysis for hypermethylated sites shared by all tumors (n = 3780) (A) and CIMP-specific
hypermethylated sites (n = 2026) (B). The frequency of observing each motif within each subset of sequences is expressed as a percentage (% sites). The
P-value of enrichment testing for individual motif in each data set is indicated.
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study, we approached the topic by analyzing these sequences for

frequently occurring motifs of known DNA binding factors. While

many of enriched motifs belong to transcription factors that are

known to regulate CpG-island-containing promoters, we did dis-

cover some new candidates that may shed light on the mechanism

behind abnormal DNA methylation. For instance, we identified a

significant enrichment for binding motifs of TRIM28, also known

as KAP-1, in the hypermethylated sites shared by all tumors.

TRIM28 binds to the histone H3, lysine 9 (H3K9) methyltransfer-

ase, SETDB1, and HP1 to coordinate H3K9 methylation, hetero-

chromatin formation, and gene silencing (Schultz et al. 2002;

Sripathy et al. 2006; O’Geen et al. 2007; Takada et al. 2007). Fur-

thermore, SETDB1 has been shown to directly interact with DNA

methyltransferase 3A at epigenetically silenced promoters (Li et al.

2006). The close association between H3K9 methylation and DNA

methylation suggests that TRIM28 may be involved in the initia-

tion and maintenance of aberrant DNA methylation.

In addition to demonstrating that CIMP colon cancers indeed

have exceptionally high capacity for CpG island hypermethylation,

we also uncovered a novel characteristic of the CIMP methylation

pattern. The increased DNA hypermethylation in both number and

size of methylated regions suggest a universal perturbation in de

novo DNA methylation in CIMP. The expansion of methylated re-

gions in CIMP may also signify deregulation of epigenetic boundary

control. Curiously, the spreading of DNA methylation in CIMP is

most frequently unidirectional. We propose that this phenomenon

can be achieved through at least two non-mutually exclusive

mechanisms. First, the direction of DNA methylation spreading

may be targeted by specific transcription factors. We demonstrated

that this is a reasonable hypothesis by showing that binding sites

of specific transcription factors, such as ZNF148 and RREB1, are

preferentially enriched in the unidirectional subset when com-

pared with the bidirectional subset. The second possibility for the

observed pattern is a consequence of functional selective pressure.

Many of the unidirectional CIMP-specific expansions extend to

cover additional annotated transcriptional start sites or additional

neighboring gene promoters. It is possible that the original CIMP-

specific DNA methylation spreading was bidirectional at these sites,

but only the portion conferring functional changes were selected for

and maintained during cancer clonal expansion. Future studies fo-

cused on these CIMP-unique methylation patterns should prove

useful in identifying the specific molecular mechanisms leading to

these abnormalities. Such mechanistic understanding of the origin

of CIMP will provide new therapeutic targets for the treatment of

CIMP tumors.

Methods

Sample selection and preparation
Genomic DNA for three pairs of non-CIMP cancer and adjacent
normal specimens and three pairs of CIMP cancer and adjacent
normal specimens were extracted from tissues collected at the
Cleveland Clinic Foundation under the appropriate IRB-approved
protocol. All specimens were derived from Caucasian males. MiGS
was performed for nine specimens: three normal specimens de-
rived from the same patients providing the non-CIMP tumors,
three non-CIMP tumors, and three CIMP tumors. The paired
normal specimens to the CIMP tumors were characterized by
MSP only. We classified CIMP using DNA methylation status at
CACNA1G, IGF2, NEUROG1, RUNX3, and SOCS1 (Weisenberger
et al. 2006). CIMP tumors must have DNA methylation at all five
markers while non-CIMP tumors do not have DNA methylation at

any of the five markers. We determined microsatellite stability
using a panel of 10 markers (BAT25, BAT26, BAT40, BAT34C4,
D5S346, D17S250, ACTC, D18S55, D10S197, and MYCL) (Lindor
et al. 2006). Tumors containing >30% unstable markers were
classified as microsatellite unstable while tumors containing zero
unstable markers were deemed microsatellite stable. Mutation anal-
ysis for BRAF and KRAS was conducted as previously described
(Sanchez et al. 2009). Additional clinical data for each cancer spec-
imen are provided in Supplemental Table 6.

MBD-isolated genome sequencing (MiGS)

We captured and sequenced DNA methylated fractions of the ge-
nome as previously described (Serre et al. 2010). Briefly, genomic
DNA was sheared randomly by sonication, and 5 mg of sheared
genomic DNA was incubated with recombinant his-tagged methyl
CpG binding domain proteins conjugated to magnetic beads. The
bound fraction was eluted using Proteinase K digestion, purified
using phenol:choloroform, and precipitated using isopropanol.
We then prepared GAII ChIP-seq libraries from the isolated DNA
according to the manufacturer’s protocol (Illumina, IP-102-1001).
Each library was sequenced on two lanes of the GAII to generate
36-bp single-end reads, and an average of ;34 million sequencing
reads was obtained for each sample.

Sequencing data analysis

Sequencing reads were mapped to the reference human genome
(NCBI build 36.1, UCSC Hg18) using Bowtie (Langmead et al.
2009). Only uniquely mapped reads were retained for downstream
analysis. If multiple identical reads were present, only one was re-
tained for subsequent analysis. We assembled the individual DNA
methylomes as previously described (Serre et al. 2010). Briefly, se-
quencing reads were extended to 120 bp, the average DNA frag-
ment size in the sequencing library, and assigned to 50-bp non-
overlapping windows to construct the methylation profile for each
sample. Using the negative Binomial method, we determined that
<5% FDR corresponds to windows containing $6 reads. The mul-
tidimensional scaling plot of the nine samples based on their
genome-wide DNA methylation patterns was constructed using
the R software.

Differential methylation analysis

Differential DNA methylation among the three categories was
identified using our own signal deconvolution, pattern recogni-
tion followed by whole-genome scan, and differential testing ap-
proach (AH Ting, B Hu, Y Xu, in prep.). Briefly, methylation signals
for each sample were decomposed into no-signal, background, and
signal using a Bayesian Poisson Mixture model. Methylation sites
were determined by consolidating methylated windows in close
proximity on the genome and scanning based on the posterior
probability map produced from the signal decomposition. For each
identified methylation site, a test of differential methylation was
performed using a linear mixed-effects model. The statistical signif-
icance of the differential methylation sites was assessed using the
ANOVA models. For each site, the model contains fixed effects rep-
resenting the mean methylation levels of the three categories. Ran-
dom effects were introduced to account for the correlation structure
of the data. For a CIMP sample, a random effect was specified to
account for the correlation of the repeated windows on the same
sample. Since a normal sample was paired with a non-CIMP sample
in the sequencing study, a nested random effect was further speci-
fied. Finally, sites with <5% FDR were reported in Supplemental
Table 1. We defined differential methylation as DNA methylation
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sites that are consistent among samples within the same group but
statistically different among groups. Sharp yes/no methylation
patterns refer to differential sites exhibiting clear presence or ab-
sence of DNA methylation among the three comparison groups.

Annotation of differential methylation sites

Each sharp yes/no differentially methylated site was annotated
with five possible genomic contexts: RefSeq gene promoter, CpG
island, CTCF binding site, miRNA coding region, and CAGE evi-
dence (Supplemental Table 1). RefSeq gene promoters were defined
as 1000 bp upstream and 500 bp downstream of an annotated
RefSeq transcription start site. CpG islands were defined by the CpG
island annotation from the reference human genome (NCBI build
36.1, UCSC Hg18) (Fujita et al. 2011). CTCF binding sites were
compiled from all available CTCF ChIP-seq data sets (GM12878,
H1-hESC, HepG2, HMEC, HSMM, HUVEC, K562, NHEK, and
NHLF cells) deposited by the Broad Institute on the UCSC Genome
Browser (Fujita et al. 2011). miRNA coding regions were defined as
500 bp upstream and downstream from an annotated miRNA. CAGE
evidence was compiled from all available CAGE sequencing data sets
(GM12878, H1hESC, HepG2, HUVEC, K562, NHEK, and prostate
cells) deposited by the RIKEN Omics Science Center on the UCSC
Genome Browser (Kodzius et al. 2006; Fujita et al. 2011). Hyper-
methylation sites that were expanded in CIMP tumors were noted in
the column ‘‘CIMP-broad.’’ We defined sites located <500 bp apart as
being in a contiguous region. Repetitive sequences in the differen-
tially methylated sites were annotated using genomic coordinates
provided by RepeatMasker. To test for enrichment of specific geno-
mic context in a given differentially methylated data set, we sum-
marized the proportion of 50-bp windows overlapping that genomic
context in the data set and compared the frequency with that of the
genome average using a one-sided Binomial test under the hy-
pothesis that the frequency in our data set was greater than the ge-
nome average.

Bisulfite genomic sequencing and methylation-specific
PCR (MSP)

One microgram of genomic DNA from each sample was treated
with sodium bisulfite to convert unmethylated cytosines to uracils
as previously described (Frommer et al. 1992). Following bisulfite
conversion, PCR was performed for each of the selected validation
targets using the primers and conditions listed in Supplemental
Table 7. The PCR products were gel-purified and cloned into
a pCR4-TOPO vector following the TOPO TA kit manual (Invi-
trogen, K4575-40). Individual clones were selected for sequencing
using the M13R primer. MSP was performed for each of the selected
targets using the primers and conditions listed in Supplemental
Table 7. The PCR products were resolved on 2% agarose gels for
visualization.

Motif analysis

Known sequence motifs for DNA binding factors were compiled by
combining motif matrices from TRANSFAC (version 11.3) (Matys
et al. 2003) and JASPAR (12-Oct-2009) (Sandelin et al. 2004). We
used FIMO in the MEME package (version 4.6.0) (Bailey and Elkan
1994) to search for instances of known motifs in a given set of site
sequences at a threshold of FDR < 0.01. Motifs are linked to their
corresponding transcription factors through the metadata pro-
vided by TRASFAC and JASPAR. Enrichment of each motif in each
data set was tested against a set of randomly selected sequences
with similar length and GC-content distributions using a one-
sided Binomial test. We generated such test data sets using the

methylated sequences from our study that did not show differen-
tial DNA methylation. We reported motifs found in >10% of sites
within each tested data set. Motif logos were created using the
ceqlogo tool in the MEME package with the default stack algorithm
(Schneider and Stephens 1990). If multiple motif matrices are
linked to a transcription factor, only the logo associated with the
motif with the maximum hits is presented in the figures.

Statistics

All statistical analyses were performed using the R software.

Pathway analysis

Differentially methylated RefSeq genes were analyzed in MetaCore
(GeneGo) using Gene Ontology, Pathway Map, and Process Net-
work terms defined for each of the 12 core cancer pathways de-
scribed previously ( Jones et al. 2008). Differentially methylated
genes mapped to the 12 pathways are listed in Supplemental Table
4. The expression status for each gene mapped to the core path-
ways was verified in the Oncomine (Rhodes et al. 2004) and
Arrayexpress databases (Parkinson et al. 2005). Genes showing
consistent down-regulation in colon adenocarcinomas are listed
in Supplemental Table 5.

Data access
The sequencing reads generated and used in this manuscript have
been submitted to the NCBI Sequence Read Archive (SRA) (http://
trace.ncbi.nlm.nih.gov/Traces/sra/sra.cgi) under accession number
SRA029584.
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