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Colorectal cancer (CRC) is a heterogeneous disease in which unique subtypes are characterized by distinct genetic and
epigenetic alterations. Here we performed comprehensive genome-scale DNA methylation profiling of 125 colorectal
tumors and 29 adjacent normal tissues. We identified four DNA methylation–based subgroups of CRC using model-based
cluster analyses. Each subtype shows characteristic genetic and clinical features, indicating that they represent biologically
distinct subgroups. A CIMP-high (CIMP-H) subgroup, which exhibits an exceptionally high frequency of cancer-specific
DNA hypermethylation, is strongly associated with MLH1 DNA hypermethylation and the BRAFV600E mutation. A CIMP-
low (CIMP-L) subgroup is enriched for KRAS mutations and characterized by DNA hypermethylation of a subset of CIMP-
H-associated markers rather than a unique group of CpG islands. Non-CIMP tumors are separated into two distinct clusters.
One non-CIMP subgroup is distinguished by a significantly higher frequency of TP53 mutations and frequent occurrence in
the distal colon, while the tumors that belong to the fourth group exhibit a low frequency of both cancer-specific DNA
hypermethylation and gene mutations and are significantly enriched for rectal tumors. Furthermore, we identified 112
genes that were down-regulated more than twofold in CIMP-H tumors together with promoter DNA hypermethylation.
These represent ~7% of genes that acquired promoter DNA methylation in CIMP-H tumors. Intriguingly, 48/112 genes
were also transcriptionally down-regulated in non-CIMP subgroups, but this was not attributable to promoter DNA
hypermethylation. Together, we identified four distinct DNA methylation subgroups of CRC and provided novel
insight regarding the role of CIMP-specific DNA hypermethylation in gene silencing.

[Supplemental material is available for this article.]

Colorectal cancer (CRC) arises through the accumulation of mul-

tiple genetic and epigenetic changes. Somatic mutations in APC,

BRAF, KRAS, PIK3CA, TP53, and other genes have been frequently

observed in CRC and are considered to be drivers of colorectal

tumorigenesis (Wood et al. 2007). In addition, the majority of

sporadic CRCs (65%–70%) display chromosomal instability (CIN),

characterized by aneuploidy, amplifications and deletions of sub-

chromosomal genomic regions, and loss of heterozygosity (LOH)

(Pino and Chung 2010).

Two major types of epigenetic modifications closely linked to

CRC are DNA methylation and covalent histone modifications

(Jones and Baylin 2007). Aberrant DNA methylation of CpG is-

lands has been reported in the earliest detectable lesions in the

colonic mucosa, aberrant crypt foci (ACF) (Chan et al. 2002).

Promoter CpG island DNA hypermethylation is associated with

transcriptional gene silencing and can cooperate with other

genetic mechanisms to alter key signaling pathways critical to co-

lorectal tumorigenesis (Baylin and Ohm 2006). A recent large-scale

comparison between genes mutated and hypermethylated in CRC

revealed significant overlap between these two alterations (Chan

et al. 2008). Importantly, DNA hypermethylation appeared to be

the preferred mechanism when a gene can be inactivated by either

mutation or promoter DNA hypermethylation.

New insights into the mechanisms and the role of CpG is-

land hypermethylation in cancer have emerged from recent

studies using integrated analyses of the two types of epigenetic

modifications. We and other groups have reported that genes that

are targeted by Polycomb group (PcG) proteins in embryonic stem

(ES) cells are susceptible to cancer-specific DNA hypermethyla-

tion (Ohm et al. 2007; Schlesinger et al. 2007; Widschwendter

et al. 2007). PcG target genes are characterized by trimethylation

of histone H3 lysine 27 (H3K27me3), are maintained in a low

expression state, and are poised to be activated during de-

velopment (Bernstein et al. 2007). More recently, it has been found

that genes targeted by H3K27me3 in normal tissues acquire DNA

methylation and lose the H3K27me3 mark in cancer (Gal-Yam

et al. 2008; Rodriguez et al. 2008). Importantly, epigenetic

switching of H3K27me3 and DNA methylation mainly occurs at

genes that are not expressed in normal tissues. Furthermore,

cancer-specific H3K27me3-mediated gene silencing has also

been shown to inactivate tumor suppressor genes independent
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of DNA hypermethylation in CRC (Jiang et al. 2008; Kondo

et al. 2008).

Colorectal tumors with a CpG island methylator phenotype

(CIMP) exhibit a high frequency of cancer-specific DNA hyper-

methylation at a subset of genomic loci and are highly enriched for

an activating mutation of BRAF (BRAFV600E) (Weisenberger et al.

2006). CRCs with CIN and CIMP have been shown to be inversely

correlated (Goel et al. 2007; Cheng et al. 2008) and appear to de-

velop in two separate pathways (Leggett and Whitehall 2010).

DNA hypermethylation of some CIMP-associated gene promoters

has been detected in early stages of colorectal tumorigenesis

(Ibrahim et al. 2011). Furthermore, an extensive promoter DNA

hypermethylation has been observed in the histologically normal

colonic mucosa of patients predisposed to multiple serrated

polyps, the proposed precursors of CIMP tumors (Young and Jass

2006). Notably, some of the distinct genetic and histopathological

characteristics associated with CIMP tumors may be directly

attributable to CIMP-mediated gene silencing. We reported that

CIMP-associated DNA hypermethylation of MLH1 is the dominant

mechanism for the development of sporadic CRC with micro-

satellite instability (MSI) (Weisenberger et al. 2006). Furthermore,

the CIMP-specific inactivation of IGFBP7-mediated senescence

and apoptosis pathways may provide a permissive environment

for the acquisition of BRAF mutations in CIMP-positive tumors

(Hinoue et al. 2009; Suzuki et al. 2010).

Recent studies from several groups indicated that colorectal

tumors with KRAS mutations may also be associated with a unique

DNA methylation profile. CIMP-low (CIMP-L) tumors were origi-

nally shown to exhibit DNA hypermethylation of a reduced

number of CIMP-defining loci (Ogino et al. 2006). CIMP-L was

significantly associated with KRAS mutations, was observed more

commonly in men than women, and appeared to be independent

of MSI status. Shen et al. (2007) described the CIMP2 subgroup,

which also showed DNA hypermethylation of CIMP-associated

loci, but was highly correlated (92%) to KRAS mutations and not

associated with MSI. A recent report from Yagi et al. (2010) reported

the intermediate-methylation epigenotype (IME), which was also

associated with KRAS mutations.

In light of these findings, there is confusion with regard to DNA

methylation subtypes in CRC. It is not fully established whether

CIMP-L, CIMP2, or IME represents a unique DNA methylation-

based subgroup in CRC, as limited numbers of genomic regions were

used to derive membership in these studies. Moreover, the types of

genes targeted for DNA methylation in each subgroup and the ef-

fects of DNA hypermethylation on gene expression in each subtype

have not yet been fully explored. To better characterize DNA

methylation subgroups in CRC, we have performed comprehensive,

genome-scale DNA methylation profiling of 125 primary colorectal

tumors and 29 adjacent non-tumor colonic mucosa samples using

the array-based Illumina Infinium HumanMethylation27 (HM27)

Platform. We have also obtained gene expression data for the paired

tumor and adjacent normal samples to assess the biological impli-

cations of DNA methylation-mediated gene silencing in CRC.

Results

DNA methylation–based colorectal cancer classification

We performed comprehensive genome-scale DNA methylation

profiling of 125 colorectal tumor samples and 29 adjacent non-

tumor colonic tissue samples using the Illumina Infinium HM27

DNA methylation assay, which assesses the DNA methylation status

of 27,578 CpG sites located at the promoter regions of 14,495 pro-

tein-coding genes (Bibikova 2009). We also identified the mutation

status of the BRAF, KRAS, and TP53 genes in the tumor samples. We

first determined CRC subtypes based on DNA methylation profiles

in the collection of 125 tumor samples. We excluded probes that

might be unreliable (see the Supplemental Methods) and probes

that are designed for sequences on either the X or the Y chromo-

some. We chose the top 10% of probes with the highest DNA

methylation variability based on standard deviation of the DNA

methylation b-value across the entire colorectal tumor panel (2758

probes) and then performed unsupervised clustering using a re-

cursively partitioned mixture model (RPMM). RPMM is a model-

based unsupervised clustering method specifically developed for

beta-distributed DNA methylation data such as obtained on the

Infinium DNA methylation assay platform (Houseman et al. 2008).

We identified four distinct tumor subgroups, indicated as clusters 1,

2, 3, and 4, by this approach (Fig. 1). The genetic and clinical fea-

tures of each cluster are summarized in Table 1.

For comparison, we also performed resampling-based un-

supervised consensus clustering (Monti et al. 2003) of the DNA

methylation data set and also identified four DNA methylation-

based clusters using this method. We compared the DNA methyl-

ation consensus cluster assignments for each sample to their

RPMM-based cluster assignments and found substantial overlap

with 80% (100/125) of the tumors showing agreement in cluster

membership calls between these two different clustering methods

(Supplemental Fig. 1). We based our subsequent analyses on cluster

membership derived from the RPMM-based unsupervised cluster-

ing method. This method is well-suited for beta-distributed DNA

measurements and has successfully identified DNA methylation

profiles that are clinically relevant in normal and tumor samples

from diverse tissues types (Christensen et al. 2009a,b, 2010, 2011;

Marsit et al. 2009, 2011).

The cluster 1 subgroup is enriched for CIMP-positive co-

lorectal tumors, as determined by the CIMP-specific MethyLight

five-marker panel developed previously in our laboratory

(CACNA1G, IGF2, NEUROG1, RUNX3, SOCS1), as well as MLH1

DNA hypermethylation using MethyLight technology (Fig. 1;

Weisenberger et al. 2006). All of the tumors with a BRAF mutation

belong to this subgroup, and nearly half of the tumors in this

subgroup that do not harbor BRAF mutations carry mutant KRAS

(Fig. 1). This subgroup is also characterized by a low frequency of

TP53 mutations (11%). Clinically, the majority of these tumors

were found in female patients (71%) and a proximal location in the

colon (86%), both of which have been previously found to be as-

sociated with CIMP-positive CRC defined by the MethyLight five-

marker panel (Weisenberger et al. 2006).

Previous studies with a limited number of DNA methylation

markers from several groups indicated the existence of additional

DNA methylation-based subtypes in CRC that are associated with

KRAS mutations. These subgroups have been variously described as

CIMP-low (Ogino et al. 2006), CIMP2 (Shen et al. 2007), and In-

termediate-methylation epigenotype (IME) (Yagi et al. 2010). It is

not clear whether these classifications represent the same tumor

subgroup or different subgroups within CRC. We found that al-

though KRAS mutant tumors are represented across the four clas-

ses, they are more common in the cluster 2 subgroup compared

with the other clusters (Fig. 1; Table 1). Interestingly, the pro-

portion of the tumors that show DNA methylation at one or two

loci of the MethyLight-based five-marker panel is substantially

higher in the cluster 2 subgroup (62%) than in the cluster 3 (11%)

or cluster 4 tumors (13%) (Supplemental Fig. 2). These genetic and
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epigenetic characteristics observed in the cluster 2 subgroup are

consistent with the CIMP-low subtype described previously

(Ogino et al. 2006). Therefore, in this study, we refer to the tumors

that belong to the cluster 1 subgroup as CIMP-high (CIMP-H) and

the cluster 2 subgroup tumors as CIMP-low (CIMP-L).

Our RPMM-based clustering analysis identified two other CRC

subtypes, designated as clusters 3 and 4, in addition to the CIMP-H

and CIMP-L subgroups (Fig. 1; Table 1). The difference between

these two subgroups is not apparent based on DNA hyper-

methylation at CIMP-defining five-gene loci (Supplemental Fig. 2),

indicating that DNA methylation signatures unrelated to CIMP

might discriminate between these two CRC subsets. The frequency

and level of cancer-specific DNA hypermethylation in the tumors in

the cluster 4 subgroup appear to be the lowest among the four

subclasses (Supplemental Fig. 3). Importantly, the tumors included

in cluster 3 are distinguished by a significantly higher frequency of

TP53 mutations (65%; P = 6.5 3 10�5 [vs. cluster 4], Fisher’s exact

test) and their location in the distal colon (65%; P = 0.028 [vs. cluster

4], Fisher’s exact test). In contrast, the tumors that belong to cluster

4 exhibit a lower frequency of both KRAS (16%) and TP53 (16%)

mutations, and their occurrence shows significant enrichment in

the rectum compared with all the other groups (P = 2.1 3 10�3,

Fisher’s exact test). Cluster 4 tumors also show borderline statistical

significance to be more commonly found in males compared to the

cluster 3 tumors (P = 0.056, Fisher’s exact test), providing additional

lines of evidence that cluster 3 and cluster 4 tumors are distinct.

We also identified a panel of 119 gene promoters that are

constitutively methylated in normal samples but show variable

levels of DNA methylation in tumors (Fig. 1; for the list of genes,

see Supplemental Table 1). It has long been established that the

human genome is comprised primarily of sequences of low CpG

density that are usually highly methylated in normal somatic

tissues and that undergo loss of DNA methylation in cancer

(Feinberg and Vogelstein 1983; Gama-Sosa et al. 1983; Miranda

and Jones 2007). We found that, indeed, the majority of these

probes are targeted to low-CpG density regions. The variable loss

of DNA methylation among our tumor clusters is consistent with

earlier reports that the degree of global DNA hypomethylation

can vary considerably among colorectal tumors (Estecio et al.

2007). We performed a gene set enrichment analysis (GSEA) on

these 119 genes using the Database for Annotation, Visualization

and Integrated Discovery tool (DAVID). We found enrichment of

genes involved in secretion (3.1-fold enrichment, P = 1.9 3 10�6),

signaling (2.2-fold enrichment, P = 6.8 3 10�6), signal peptide

(2.2-fold enrichment, P = 2.5 3 10�5), disulfide bond (2.3-fold

enrichment, P = 1.8 3 10�5), and extracellular regions (2.3-fold

enrichment, P = 6.8 3 10�4).

Characterization of the CIMP-H and CIMP-L subgroups

We next sought to investigate DNA methylation markers associ-

ated with the CIMP-H and CIMP-L subgroups. To accomplish this,

Figure 1. RPMM-based classification of 125 colorectal tumor samples and heatmap representation of Infinium DNA methylation data. DNA meth-
ylation profiles of 1401 probes with most variable DNA methylation values (standard deviation >0.20) in the 125 colorectal tumor sample set. The DNA
methylation b-values are represented by using a color scale from dark blue (low DNA methylation) to yellow (high DNA methylation). Four subgroups
were derived by RPMM-based clustering and are indicated above the heatmap: (light sky blue) cluster 1 (n = 28); (light coral) cluster 2 (n = 29); (yellow)
cluster 3 (n = 37); (dark gray) cluster 4 (n = 31). (Black bars) CIMP-positive tumors as classified by the MethyLight five-marker panel (Weisenberger et al.
2006). Presence of MLH1 DNA methylation (orange bars), BRAF mutation (blue bars), KRAS mutation (red bars), and TP53 mutations (purple bars). Probes
that are located within CpG islands (Takai-Jones) (Takai and Jones 2002) are indicated by the horizontal black bars to the right of the heatmap. The probes
are arranged based on the order of unsupervised hierarchal cluster analysis using a correlation distance metric and average linkage method. Pie charts
below the heatmap show the proportion of tumor samples harboring BRAF mutations (blue), KRAS mutations (red), and those that are wild-type for both
BRAF and KRAS (yellow-green) within each subgroup.
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we compared the DNA methylation b-values for each probe be-

tween CIMP-H and non-CIMP tumors (clusters 3 and 4 combined)

as well as the b-values between CIMP-L and non-CIMP tumors

using the Wilcoxon rank-sum test. We identified 1618 CpG sites

that showed significant DNA hypermethylation in CIMP-H versus

non-CIMP tumors (FDR-adjusted P < 0.0001) (Fig. 2A). In contrast,

we found 435 CpG sites that are significantly hypermethylated in

CIMP-L tumors compared with non-CIMP tumors (FDR-adjusted

P < 0.0001) (Fig. 2A).

We observed substantial overlap between the CIMP-H- and

CIMP-L-associated markers, as these appear to exhibit a higher fre-

quency of promoter DNA hypermethylation in both tumor sub-

groups compared with non-CIMP tumors (Fig. 2A). Interestingly, we

found that nearly 20% of CIMP-H-associated CpG sites (318 CpGs)

are also methylated in CIMP-L tumors (FDR-adjusted P < 0.0001 vs.

non-CIMP) (see list of genes in Supplemental Table 2).

To determine whether there are DNA methylation markers

specifically associated with the CIMP-L subgroup, we examined 22

CpG sites that showed significant DNA hypermethylation in CIMP-

L tumors but not in CIMP-H tumors, as compared to non-CIMP

tumors (FDR-adjusted P < 0.001 [CIMP-L vs. non-CIMP] and P > 0.05

[CIMP-H vs. non-CIMP]) (Fig. 2A). Although these markers exhibi-

ted statistically significant DNA methylation differences, they did

not show strong CIMP-L specificity when visualized and compared

with individual tumor samples using a heatmap (Fig. 2B). We also

directly compared the DNA methylation levels of each CpG locus

between CIMP-H tumors and CIMP-L tumors (Supplemental Fig.

4A). We identified two CpG loci in the promoter regions of SRRM2

and NTF3 that are significantly hypermethylated in CIMP-L tumors

compared with CIMP-H tumors (P < 0.001 and mean b-value dif-

ference > 0.2). Interestingly however, these two gene loci exhibit

CIMP-H-specific DNA hypomethylation, as these are methylated in

adjacent non-tumor colonic tissues, as well as in tumors that belong

to the cluster 3 and cluster 4 subgroups (Supplemental Fig. 4B).

Specifically, we also did not find a significant increase in

MGMT DNA hypermethylation in CIMP-L tumors compared

with non-CIMP tumors (P > 0.05), as

reported previously (Ogino et al. 2007).

Clinically, Ogino et al. (2006) observed

a significant association between CIMP-

L and male sex. We also found that

CIMP-L tumors are slightly more com-

mon in men (59%) than in women (41%),

although the association did not achieve

statistical significance (P > 0.05, Fisher’s

exact test).

Analysis of DNA methylation
associated with KRAS mutant tumors

Significant enrichment of KRAS muta-

tions in CIMP-L may suggest that KRAS

mutations either induce DNA hyper-

methylation of a group of CpG loci or

they might synergize with a specific

DNA methylation profile associated with

CIMP-L tumors. Interestingly, Shen et al.

(2007) proposed a CIMP2 subtype of

CRC, found to be tightly linked with

KRAS mutations (92% of cases), using

a limited number of DNA methylation

markers.

We investigated whether KRAS mutations themselves are as-

sociated with DNA hypermethylation of specific sets of genes in

CRC. We stratified tumors into three groups by their BRAF and KRAS

mutation status: (1) BRAF mutant (n = 17); (2) KRAS mutant (n = 34);

and (3) wild-type for both BRAF and KRAS (n = 74); and then com-

pared DNA methylation profiles between each group. We identified

a large number of CpG sites (715; FDR-adjusted P < 0.0001) that are

significantly hypermethylated in tumors with BRAF mutation, all of

which belong to the CIMP-H subgroup, as compared with tumors

that are wild-type for BRAF and KRAS (Fig. 2C). In contrast, only one

CpG locus located in the promoter of JPH3 showed DNA hyper-

methylation in the KRAS mutant tumors compared to the BRAF/

KRAS wild-type tumors at the 0.01 significance level (Fig. 2C). Using

a less stringent significance threshold (FDR-adjusted P < 0.05), we

identified 157 CpGs that showed more frequent DNA methylation

in KRAS mutant tumors (Fig. 2C). However, we found that the mean

b-value differences for the majority of these probes between tumors

with a KRAS mutation and those that are wild-type for BRAF/KRAS

are small (0.08 6 0.09, mean |Db| 6 SD). Among the 157 probes, we

further examined the 22 CpG sites that showed substantial mean

b-value difference ((|Db| > 0.20) between KRAS mutant tumors and

BRAF/KRAS wild-type tumors. Importantly, we found that all of

these CpG sites exhibit CIMP-L-specific DNA hypermethylation

with much higher significance levels (Wilcoxon rank-sum test

between CIMP-L and non-CIMP tumors) (Supplemental Table 3).

These observations indicate that the significant association between

DNA methylation at these loci and the KRAS mutation is mainly due

to CIMP-L-based DNA hypermethylation.

To further examine the DNA methylation profiles in KRAS

mutant tumors and BRAF/KRAS wild-type tumors, we subdivided

CIMP-L and non-CIMP tumors by their KRAS mutation status and

compared the mean DNA methylation b-values among these

groups. We observed that mean DNA methylation b-values for

KRAS mutant tumors and those BRAF/KRAS wild-type tumors are

well-correlated within both the CIMP-L and non-CIMP subgroups

(Fig. 3A,B). Moreover, the CIMP-L subgroup exhibits higher mean

Table 1. Genetic and clinical features found in each of the four DNA methylation-based
subtypes

Overall
Cluster 1
(CIMP-H)

Cluster 2
(CIMP-L) Cluster 3 Cluster 4

Variable n % N % n % n % n %

Total 125 100 28 22 29 23 37 30 31 25
Gender Female 65 52 20 71 12 41 22 59 11 35

Male 60 48 8 29 17 59 15 41 20 65
Subsite Proximal 54 43 24 86 15 52 7 19 8 26

Transverse 7 6 1 4 1 3 2 5 3 10
Distal 49 39 3 11 11 38 24 65 11 36
Rectum 15 12 0 0 2 7 4 11 9 29

Stage 1 or 2 50 50 9 41 16 66 12 41 13 52
3 or 4 50 50 13 59 8 34 17 59 12 48
No info 25

BRAF mutation Mutant 17 14 17 61 0 0 0 0 0 0
Wild-type 108 86 11 39 29 100 37 100 31 100

KRAS mutation Mutant 34 27 5 18 13 45 11 30 5 16
Wild-type 91 73 23 82 16 55 26 70 26 84

TP53 mutation Mutant 43 34 3 11 11 38 24 65 5 16
Wild-type 82 66 25 89 18 62 13 35 26 84

Age Median 68 71 70 65 69
Range 33–90 51–90 33–87 44–88 34–87
No info 25
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DNA methylation in a number of CpG sites irrespective of KRAS

mutation status (Fig. 3C,D). These observations highlight the in-

volvement of more complex molecular mechanisms in driving

these DNA methylation clusters.

Sequence characteristics of CIMP-associated gene promoters

We next classified gene promoters that acquired cancer-specific DNA

methylation into three categories based on their DNA methylation

level profiles across colorectal tumor subtypes (see the Methods sec-

tion and Supplemental Table 4): (1) CIMP-associated DNA methyla-

tion markers specific for the CIMP-H subgroup only; (2) CIMP-spe-

cific DNA methylation shared between both the CIMP-H and CIMP-

L subgroups; and (3) non-CIMP cancer-specific DNA methylation.

For comparison, we included 500 gene promoters in two additional

groups that did not exhibit cancer-specific DNA methylation profiles

and were either constitutively methylated or unmethylated across

tumor and adjacent non-tumor colonic tissue samples (Fig. 4).

We explored whether the distinction between these groups of

promoters can be attributable to simple structural and sequence

characteristics. The majority of genes in all three groups that

exhibited cancer-specific DNA methylation as well as the genes

that were constitutively unmethylated in normal and tumor tis-

sues are located within CpG islands defined by Takai and Jones

(2002) (Fig. 4). We did not observe significant differences in the

overall distribution with respect to the CpG observed-to-expected

ratio, G:C content, and CpG island length among these four

groups of DNA sequences (Supplemental Fig. 5A–C). Therefore,

these DNA sequence characteristics do not discriminate among

CIMP-associated, non-CIMP-associated, and constitutively un-

methylated sequences.

We also considered that specific sequence motifs or repeat

sequences surrounding CpG islands may have a role in differential

DNA hypermethylation specifically in CIMP tumors. We did not

find enrichment or depletion of any di- or tetranucleotide se-

quences and known transcription factor binding sites in the CIMP-

associated CpG islands (data not shown). Recently, Estecio et al.

(2010) reported that retrotransposons are more frequently associ-

ated with CpG islands that are resistant to DNA hypermethylation

than those that are susceptible to DNA hypermethylation. Con-

sistent with their observations, we found that the distances of

Infinium DNA methylation probes to the nearest Alu repetitive

Figure 2. DNA methylation characteristics associated with CIMP-H, CIMP-L, BRAF-, and KRAS mutant colorectal tumors. (A) Comparison of CIMP-H- and
CIMP-L-associated DNA methylation profiles. Each data point represents the log10-transformed FDR-adjusted P-value comparing DNA methylation in
CIMP-H (n = 28) versus non-CIMP tumors (n = 68) (x-axis) and in CIMP-L (n = 29) versus non-CIMP tumors (n = 68) (y-axis) for each Infinium DNA
methylation probe. For the probes with higher mean DNA methylation in CIMP-H or CIMP-L tumors compared to non-CIMP tumors, �1 is multiplied by
log10(FDR-adjusted P-value), providing positive values. The blue and red points highlight probes that are significantly hypermethylated in CIMP-H and
CIMP-L tumors compared to non-CIMP tumors, respectively. (B) Heatmap representing Infinium DNA methylation b-values for 575 CpG sites that are
significantly hypermethylated in CIMP-H compared with non-CIMP tumors (top) and 22 CpG sites that are significantly hypermethylated in CIMP-L
compared with non-CIMP tumors (bottom). The four DNA methylation-based subgroups are indicated above the heatmaps. A color gradient from dark
blue to yellow was used to represent the low and high DNA methylation b-values, respectively. (C ) Comparison of BRAF mutant- and KRAS mutant-
associated DNA hypermethylation signatures in CRC. The log10-transformed FDR-adjusted P-value for each probe is plotted for tumors harboring KRAS
mutations (KRAS-M) (n = 34) versus BRAF/KRAS wild-type (n = 74) (y-axis) and those containing BRAF mutations (BRAF-M) (n = 17) versus BRAF/KRAS wild-
type (n = 74) (x-axis). For the probes with higher mean DNA methylation b-values in BRAF or KRAS mutant tumors compared to wild-type tumors, �1 is
multiplied by log10(FDR-adjusted P-value), providing positive values.
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element were significantly different between cancer-specifically

methylated DNA promoter sequences (median distance: 4300 bp)

and those that do not exhibit cancer-specific DNA methylation

changes (median distance: 1730 bp; P < 2.2 3 10�16, Wilcoxon rank-

sum test) (Supplemental Fig. 5D). Similarly, we found that cancer-

specifically methylated DNA promoter sequences show a greater

median distance to LINE repetitive elements compared with those

that do not show cancer-specific DNA methylation changes (3880

bp vs. 2710 bp; P = 1.9 3 10�13, Wilcoxon rank-sum test). In-

terestingly, we observed that differences in the proximity to Alu

repeat sequences between CIMP-H-associated and non-CIMP-asso-

ciated promoters are statistically significant with median distances

of 3410 bp and 4730 bp, respectively (P = 1.8 3 10�6, Wilcoxon

rank-sum test) (Supplemental Fig. 5D). However, we did not find

such significant differences for LINE repetitive elements between

CIMP-H-associated and non-CIMP-associated promoters (P = 0.18).

We next identified the trimethylation status of histone H3

lysine 4 (H3K4me3) and histone H3 lysine 27 (H3K27me3) in

human ES cells for genes in the five classification groups described

above using a previously published data set (Ku et al. 2008). We

found that the genes that are constitutively unmethylated across

tumor and adjacent-normal tissue samples are highly enriched for

H3K4me3, whereas those that are constitutively methylated are

enriched for chromatin states with neither marks in ES cells (Fig.

4). As has previously been reported, the fraction of genes that co-

incide with ES-cell bivalent domains is substantially higher for the

genes that undergo cancer-specific DNA methylation than those

that are constitutively methylated or unmethylated across tumor

and adjacent non-tumor colonic tissues. We found that >50% of

colorectal cancer-specific DNA hypermethylation occurs at ES-cell

bivalent domains. However, the proportion of the ES-cell bivalent

domains among CIMP-associated and non-CIMP-associated genes

is similar, suggesting that the features associated with these targets

are not specific for CIMP-positive tumors or CIMP genes, but

general features of colorectal cancer (Fig. 4).

Identification of diagnostic CIMP-associated DNA methylation
gene marker panels

Next, we developed diagnostic DNA methylation gene marker

panels to identify CIMP (CIMP-H and CIMP-L), as well as to

segregate CIMP-H tumors from CIMP-L tumors based on the

Figure 3. CIMP-L-associated DNA hypermethylation occurs independent of KRAS mutation status in CRC. CIMP-L and non-CIMP tumors were sub-
divided by their KRAS and BRAF mutation status (KRAS mutant or BRAF/KRAS wild-type), and mean DNA methylation b-values were compared between
each group. Scatterplots comparing mean DNA methylation b-values between (A) KRAS mutant and BRAF/KRAS wild-type tumors within the CIMP-L
subgroup; (B) KRAS mutant and BRAF/KRAS wild-type tumors within the non-CIMP subgroups; (C ) KRAS mutant, CIMP-L tumors versus KRAS mutant, non-
CIMP tumors; and (D) BRAF/KRAS wild-type, CIMP-L tumors compared with non-CIMP tumors with the same genotype.
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Infinium DNA methylation data (Fig. 5). We identified a CIMP-

defining marker panel consisting of B3GAT2, FOXL2, KCNK13,

RAB31, and SLIT1. Using the conditions that DNA methylation of

three or more markers qualifies a sample as CIMP, this panel

identifies CIMP-H and CIMP-L tumors with 100% sensitivity and

95.6% specificity with 2.4% misclassification using a b-value

threshold of $0.1. The second marker panel of FAM78A, FSTL1,

KCNC1, MYOCD, and SLC6A4 specifically identifies CIMP-H

tumors with 100% sensitivity and 100% specificity (0% mis-

classification) using conditions that three or more markers show

DNA methylation b-value threshold

of $0.1. We classify a tumor sample as

CIMP-H if both marker panels are positive

(three or more markers with DNA meth-

ylation for each panel). We classify a tu-

mor sample as CIMP-L if the CIMP-de-

fining marker panel is positive while the

CIMP-H specific panel is negative (0–2

genes methylated).

Effects of DNA hypermethylation
on gene expression

Promoter CpG island DNA hyper-

methylation can lead to transcriptional

silencing of the associated gene. How-

ever, the majority of cancer-specific CpG

island hypermethylation may occur in gene

promoters that are not normally expressed and therefore may not

be involved in tumor initiation or progression (Widschwendter

et al. 2007; Gal-Yam et al. 2008). To examine the extent to which

cancer-specific DNA hypermethylation affects gene expression in

colorectal tumors, we performed an integrated analysis of pro-

moter DNA methylation and gene expression data from six CIMP-

H normal adjacent-tumor pairs and 13 pairs of non-CIMP tumors

and adjacent non-tumor colonic tissues. We found that 7.3% of

genes that showed DNA hypermethylation (|Db| > 0.20) in CIMP-H

tumors also showed more than a twofold reduction in gene

Figure 4. ES-cell histone marks associated with genes in the five classification groups described in the text. Shown are heatmap representations of DNA
methylation b-values for unique gene promoters that belong to five different categories: (1) CIMP-H specific: CIMP-associated DNA methylation markers
specific for the CIMP-H subgroup only (n = 415 genes); (2) CIMP-H & CIMP-L: CIMP-specific DNA methylation shared between the CIMP-H and CIMP-L
subgroups (n = 73 genes); (3) Non-CIMP: Cancer-specific DNA methylation but outside of the CIMP context (n = 547 genes); (4) Constitutive-Low:
Constitutively unmethylated genes in both tumor and adjacent normal tissue samples (n = 500 genes); (5) Constitutive-High: Constitutively methylated in
both tumor and adjacent normal tissue samples (n = 500 genes). Genes containing CpG islands defined by Takai and Jones (2002) are indicated by
horizontal black bars immediately to the right of each heatmap. The bar charts to the right of each heatmap show the proportion of gene promoters with
occupancy of histone H3 lysine 4 trimethylation (K4me3) and/or histone H3 lysine 27 trimethylation (K27me3) in human ES cells. Probes that do not have
this histone mark information (listed in Supplemental Table 4 as ‘‘NA’’) were not included in the bar chart calculations. The probes in each category are
ordered according to the unsupervised hierarchal clustering using a correlation distance metric and average linkage method. The RPMM-based cluster
assignments are indicated above the heatmaps.

Figure 5. Diagnostic CIMP-defining gene marker panel based on the Infinium DNA methylation
data. A dichotomous heatmap of the Infinium DNA methylation data is shown. (Black bars) DNA
methylation b-value $0.1; (white bars) DNA methylation b-value <0.1. The panel of five markers
shown on the top (CIMP-H & CIMP-L) is used to identify CIMP-H and CIMP-L tumors. The panel of five
markers shown on the bottom (CIMP-H specific) is used to specifically identify CIMP-H tumors.
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expression (Fig. 6A,B). We identified 464 genes that are down-

regulated more than twofold in CIMP-H tumors compared with

adjacent normal tissue (Fig. 6A). We found that 112 genes (24%)

that are down-regulated in CIMP-H are directly associated with

promoter DNA hypermethylation (Supplemental Table 5).

Furthermore, we identified 12 genes that are both down-reg-

ulated and cancer-specifically hypermethylated in both CIMP-H

and non-CIMP tumors (Fig. 6C; Supplemental Table 5). DNA

hypermethylation and transcriptional silencing of these genes

may play a critical role in the development of CRC, irrespective

of molecular subgroups. These include SFRP1 and SFRP2, which

function as negative regulators of Wnt signaling and have been

proposed as epigenetic gatekeeper genes in colorectal tumori-

genesis (Baylin and Ohm 2006). We validated the DNA meth-

ylation and gene expression findings for SFRP1 and TMEFF2 using

MethyLight and quantitative RT-PCR (qRT-PCR) technologies, re-

spectively (Supplemental Fig. 6).

Intriguingly, we also identified 48/112 genes that are down-

regulated in both CIMP-H and non-CIMP tumors compared with

the matched adjacent normal colon. However, substantial increases

in promoter DNA methylation for these genes were observed only in

CIMP-H tumors. We confirmed this finding for the LMOD1 gene

using MethyLight and qRT-PCR technologies (Supplemental Fig. 6).

LMOD1 has been found to be somatically mutated in human can-

cers and cancer cell lines (http://www.sanger.ac.uk/genetics/CGP/

cosmic/). However, DNA hypermethylation of this gene has not yet

been reported. These findings indicate that genetic or other epi-

genetic mechanisms such as chromatin modifications might be

involved in silencing of these genes in non-CIMP tumors.

Discussion
CRC can be classified based on various molecular features. Iden-

tification and characterization of these subtypes has been not only

essential to better understand the disease (Jass 2007), but also

valuable in selection of optimal drug treatments, prediction of

patient survival, and discovery of risk factors linked to a particular

subtype (Walther et al. 2009; Limsui et al. 2010). In this study, we

used the Illumina Infinium HM27 DNA methylation assay to in-

vestigate DNA methylation-based subgroups in CRC. This Bea-

dArray platform interrogates the gene promoter DNA methylation

of all 14,495 consensus coding DNA sequence (CCDS) genes in

multiple samples simultaneously and is therefore suitable for

a study requiring large-scale promoter DNA methylation profiling

of a large number of samples (Bibikova 2009). Using this platform,

we identified four DNA methylation subgroups of CRC based on

model-based unsupervised cluster analyses. Importantly, the ge-

netic and clinical correlations observed with each subtype suggest

that they represent biologically distinct subgroups.

One subgroup designated here as CIMP-H contained all of

the CIMP-positive tumors characterized by the MethyLight five-

marker panel previously developed in our laboratory (Fig. 1;

Weisenberger et al. 2006). Other features associated with the CIMP-H

subgroup we described here are also in agreement with those ob-

served in the CIMP1 subtype (Shen et al. 2007) and the high-meth-

ylation epigenotype (HME) (Yagi et al. 2010) described previously.

We identified six CIMP-H tumors based on the Infinium DNA

methylation data that did not meet the criteria for CIMP using the

MethyLight five-gene panel. The MethyLight-based marker panel

was developed based on the screening of 195 MethyLight markers

(Weisenberger et al. 2006). In our present study, we measured DNA

methylation at a much larger number of loci using the Illumina

Infinium DNA methylation platform (27,578 CpG sites located at

14,495 gene promoters). The additional loci present on the array

probably more accurately identify CIMP tumors, compared to the

conventional MethyLight-based five-marker panel. This increased

accuracy is likely a reflection of both the inclusion of additional

markers that are more tightly associated with CIMP and the mere

Figure 6. Integrated analysis of gene expression and promoter DNA methylation changes between colorectal tumors and matched normal adjacent
tissues. (A) Mean DNA methylation b-value differences between CIMP-H tumors and matched normal colonic tissues (n = 6) are plotted on the x-axis, and
mean log2-transformed gene expression value differences are plotted on the y-axis for each gene. Red data points highlight those genes that are
hypermethylated with a b-value difference >0.20 and show more than twofold decrease in their gene expression levels in CIMP-H tumors. (B) Pie chart
showing the gene expression changes of 1534 hypermethylated genes in CIMP-H tumors compared with adjacent normal tissues. (C ) Bar chart showing
the number of genes that exhibit DNA hypermethylation and/or gene expression changes in non-CIMP tumors among the 112 genes that are hyper-
methylated and down-regulated in CIMP-H tumors.
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fact that a larger number of informative loci will usually out-

perform a small panel of informative loci. The limited MethyLight

panel was designed to be compatible with the cost-effective pro-

cessing of large numbers of formalin-fixed, paraffin-embedded

(FFPE) samples. However, any small panel of markers will likely

have some misclassification error in identifying a complex mo-

lecular profile, regardless of the composition of the panel. Never-

theless, we have found our five-marker CIMP panel to be very

useful in large-scale studies of FFPE samples, and thus in this study,

we propose new diagnostic DNA methylation marker panels to

identify CIMP (CIMP-H and CIMP-L), as well as to segregate CIMP-H

tumors from CIMP-L tumors (Fig. 5).

Ogino et al. (2006) proposed the CIMP-low subgroup, which

showed DNA hypermethylation of CIMP-defining markers despite

a low frequency and enrichment for KRAS mutations. Here, we

identified the CIMP-L subgroup through a genome-scale approach

and provided a comprehensive DNA methylation profile of these

tumors. Importantly, the CIMP-L-associated DNA methylation

appears to occur only at a subset of CIMP-H-associated sites, as we

did not find evidence for strong CIMP-L-specific DNA methylation

at a unique set of CpG sites. Moreover, we found that although

KRAS mutations are enriched in CIMP-L tumors, this subtype may

not be driven by KRAS mutations, since DNA hypermethylation

profiles in KRAS wild-type and mutant tumors within CIMP-L tu-

mors were highly correlated across the CpG sites we examined. The

independence of KRAS mutations from CIMP-L status suggests that

a more complex molecular signature exists in driving CIMP-L DNA

methylation profiles. Recently, we and others have hypothesized

that BRAF mutations might be favorably selected in the specific

environment that CIMP creates (Hinoue et al. 2009; Suzuki et al.

2010). Similar mechanisms may also result in the enrichment of

KRAS mutations in the CIMP-L subgroup.

Shen et al. (2007) reported the CIMP2 subset, along with

CIMP1 (CIMP-H) and non-CIMP subsets of CRC, using a 28-gene

panel. They found a very strong association of CIMP2 with KRAS

mutations (92%), together with DNA hypermethylation of several

CIMP-H-associated loci. The CIMP2 subgroup may be similar to

the CIMP-L subgroup we identified in our study. However, we only

detected a KRAS mutation frequency of ;50% in CIMP-L tumors.

The differences in KRAS mutation frequencies between CIMP-L

and CIMP2 may arise from differences in the CRC patient collec-

tions and in the genomic features and technologies used to analyze

DNA methylation subgroups of CRC in both studies.

We did not find a statistically significant association of MGMT

DNA hypermethylation and CIMP-L status. However, Ogino et al.

(2007) reported statistical significance in their recent report. The

differences between our results and those of Ogino and colleagues

may arise from several sources. First, Ogino and colleagues used

a different criterion for classifying CIMP-L tumors. Specifically,

they classified a tumor sample as CIMP-L if one or two markers

from the MethyLight-based CIMP panel showed DNA methyla-

tion. Our CIMP-L classification was based on Infinium DNA

methylation data, a more rich resource of CIMP-L gene markers. In

addition, possible disparities in the CRC sample collections be-

tween the studies, such as ethnic population differences, may

contribute to CIMP-L classification differences. Finally, there are

differences in sample sizes between both studies, which may also

contribute to statistical evaluation of CIMP in both collections of

CRC tumors.

We also obtained gene expression profiles in pairs of CIMP-H

and non-CIMP tumor-normal adjacent tissues to gain insight into

the role of CIMP-specific DNA hypermethylation in colorectal

tumorigenesis. Aberrant DNA methylation of promoter CpG is-

lands has been established as an important mechanism that in-

activates tumor suppressor genes in cancer ( Jones and Baylin

2007). However, many cancer-specific CpG island hyper-

methylation events are also found in promoter regions of genes

that are not normally expressed, and these may represent ‘‘pas-

senger’’ events that do not have functional consequences

(Widschwendter et al. 2007; Gal-Yam et al. 2008). We examined

effects of CIMP-associated DNA hypermethylation on gene ex-

pression. We found that only 7.3% of the CIMP-H-specific DNA

methylation markers showed a strong inverse relationship with

their gene expression levels. Similar observations have been

made in the glioma-CpG island methylator phenotype (G-CIMP)

(Noushmehr et al. 2010). Although a larger sample size is required

for better estimates, our observations might reinforce the hy-

pothesis that CIMP represents a broad epigenetic control defect

that accompanies a large number of ‘‘passenger’’ DNA hyper-

methylation events (Weisenberger et al. 2006).

We identified 112 genes that showed both promoter DNA

hypermethylation and reduction in gene expression in CIMP-H

tumors. Importantly, we found that 12 of these genes also showed

DNA hypermethylation with a concomitant reduction in gene

expression level in non-CIMP tumors, which indicates that aber-

rant DNA methylation and transcriptional silencing of these genes

may be important in the development of CRC, irrespective of

molecular subtype. Intriguingly, these include SFRP1 and SFRP2,

which function as negative regulators of Wnt signaling. DNA

hypermethylation of SFRP genes has been observed in the major-

ity of ACFs and colorectal tumors, and these genes have been

described as epigenetic gatekeepers in colorectal tumorigenesis

(Baylin and Ohm 2006). DNA hypermethylation and transcrip-

tional silencing of other genes such as TMEFF2 and SLIT3 have also

been reported (Young et al. 2001; Dickinson et al. 2004). However,

the functional significance of the inactivation of these genes has

not been established in CRC.

Interestingly, we also noticed that of the 112 genes that

exhibited DNA hypermethylation and reduced gene expression in

CIMP-H tumors, 48 were also silenced in non-CIMP tumors, but

without substantial increases in DNA methylation. CIMP status in

CRC has been found to be inversely correlated with the occurrence

of chromosomal instability (CIN), which is characterized by an-

euploidy, gain and loss of subchromosomal genomic regions, and

high frequencies of loss of heterozygosity (LOH) (Goel et al. 2007;

Cheng et al. 2008). Recently, Chan et al. (2008) identified genes

that are inactivated by both genetic mechanisms (mutation or

deletion) and DNA hypermethylation in breast and colorectal

cancer. They observed that these genetic and epigenetic changes

are generally mutually exclusive in a given tumor, and that si-

lencing of these genes was associated with poor clinical outcome

(Chan et al. 2008). Together, these genes may act as key tumor

suppressor genes in CRC, and the gene-silencing mechanisms can

be determined by the underlying molecular pathways involved in

colorectal tumorigenesis.

The molecular mechanisms that account for CIMP have not

been identified. It has been proposed that CIMP arises through

a distinct pathway originating in a variant of hyperplastic polyps

and sessile serrated adenomas due to the similar histological and

molecular features shared by the CIMP tumors and these lesions

(O’Brien 2007). Some individuals and families with hyperplastic

polyposis syndrome have an increased risk of developing CIMP

CRC, indicating the existence of a genetic predisposition that

could lead to CIMP (Young et al. 2007). Environmental exposures
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might also influence the risk of developing CIMP CRC. Cigarette

smoking was found to be associated with increased risk of de-

veloping CIMP CRC in a recent report (Limsui et al. 2010).

Here, we were not able to find characteristic sequence signa-

tures in the CIMP-associated CpG islands. Future studies will be

directed toward identifying and characterizing the genomic lo-

calization of other chromatin marks or proteins that are involved

in organizing higher-order chromatin architecture. Integrated

analyses with this information may provide insights into the

molecular mechanism of CIMP.

Together, the findings described in our study provide the

most comprehensive genome-scale analysis of DNA methylation-

based subgroups of CRC to date. The unique DNA methylation

profiles in CRC, together with genomic changes, provide a detailed

molecular landscape of colorectal tumors. Our findings here have

clinical implications on colorectal cancer diagnosis and may be

helpful in directing treatment for CRC patients.

Methods

Primary colorectal tissue sample collection and processing
Twenty-five paired colorectal tumor and histologically normal
adjacent colonic tissue samples were obtained from colorectal
cancer patients who underwent surgical resection at the de-
partment of surgery in the Groene Hart Hospital, Gouda, The
Netherlands. Tissue samples were stored at �80°C within 1 h after
resection. Tissue sections from the surgical resection margin were
examined by a pathologist (C.M. van Dijk) by microscopic obser-
vation. All patients provided written informed consent for the
collection of samples and subsequent analysis. The study was ap-
proved by the Institutional Review Board of the Groene Hart
Hospital in Gouda, the Leiden University Medical Center, and the
University of Southern California. An additional collection of 100
fresh-frozen colorectal tumor samples and four matched histo-
logically normal colonic mucosa tissue samples adjacent to the
tumors were obtained from the Ontario Tumor Bank Network (The
Ontario Institute for Cancer Research, Ontario, Canada). The tissue
collection and analyses were approved by the University of
Southern California Institutional Review Board. Genomic DNA
and total RNA were extracted simultaneously from the same tissue
sample using the TRIzol Reagent (Invitrogen) according to the
manufacturer’s protocol.

Mutation analysis

BRAF mutations at codon 600 in exon 15 and KRAS mutations
at codons 12 and 13 in exon 2 were identified using the pyrose-
quencing assay. Mutations in TP53 exons 4 through 8 were de-
termined by direct sequencing of PCR products. Samples containing
missense mutations, nonsense mutations, splice-site mutations,
frameshift mutations, and in-frame deletions were considered pos-
itive for a mutation. Additional details including primer sequences
are provided in the Supplemental Material.

DNA methylation assay

Details regarding the MethyLight assay are provided in the Sup-
plemental Material. The Illumina Infinium HumanMethylation27
DNA methylation assay technology has been described previously
(Bibikova 2009). Briefly, genomic DNA was bisulfite-converted
using the EZ-96 DNA Methylation Kit (Zymo Research) according
to the manufacturer’s instructions. We assessed the amount of bi-
sulfite-converted DNA and completeness of bisulfite conversion

using a panel of MethyLight-based quality control (QC) reactions
as previously described (Campan et al. 2009). All of the samples in
this study passed our QC tests and entered into the Infinium DNA
methylation assay pipeline. The Infinium DNA methylation assay
was performed at the USC Epigenome Center according to the
manufacturer’s specifications (Illumina). The Illumina Infinium
DNA methylation assay examines the DNA methylation status of
27,578 CpG sites located at promoter regions of 14,495 protein-
coding genes and 110 microRNAs. A measure of the level of DNA
methylation at each CpG site is scored as beta (b) values ranging
from 0 to 1, with values close to 0 indicating low levels of DNA
methylation and values close to 1 indicating high levels of DNA
methylation (Bibikova 2009). The detection P-values measure the
difference of the signal intensities at the interrogated CpG site
compared with those from a set of 16 negative control probes
embedded in the assay. We identified all data points with a de-
tection P-value >0.05 as not statistically significantly different
from background measurements, and therefore not trustworthy
measures of DNA methylation. These data points were replaced
by ‘‘NA’’ values as previously described (Noushmehr et al. 2010).
The assay probe sequences and detailed information on each in-
terrogated CpG site and the associated genomic characteristics
on the HumanMethylation27 BeadChip can be obtained at http://
www.illumina.com. All Infinium DNA methylation data are
available at the NCBI Gene Expression Omnibus (http://www.
ncbi.nlm.nih.gov/geo/) under accession number GSE25062.

Gene expression assay

Gene expression assays were performed on 25 pairs of colorectal
tumor and adjacent non-tumor colonic tissues using the Illumina
Ref-8 whole-genome expression BeadChip (HumanRef-8 v3.0,
24,526 transcripts; Illumina). Scanned image and bead-level data
processing were performed using the BeadStudio 3.0.1 software
(Illumina). The summarized data for each bead type were then
processed using the lumi package in Bioconductor (Du et al. 2008).
The data were log2-transformed and normalized using Robust
Spline Normalization (RSN) as implemented in the lumi package.
The summarized probe profile data and processed expression data
are available at the NCBI Gene Expression Omnibus (http://www.
ncbi.nlm.nih.gov/geo/) under accession number GSE25070. Ad-
ditional assay details are provided in the Supplemental Material.

Data filtering and normalization

For the Illumina Infinium DNA methylation data analysis, we
masked data points as ‘‘NA’’ for probes that might be unreliable (see
the Supplemental Methods). We also identified all data points with
a detection P-value >0.05 and replaced those with ‘‘NA’’ values. Fi-
nally, we excluded probes that are designed for sequences on either
the X or Y chromosome. We analyzed the DNA methylation data set
that does not contain any ‘‘NA’’-masked data points. DNA methyl-
ation b-values were normalized to eliminate the batch effects.
Briefly, the batch means of b-values were brought closer to the
overall mean while retaining the original range of DNA methylation
data (0 to 1). We used only the tumor samples to calculate the batch
means and overall mean in estimating the scaling factor for each
batch. For the gene expression analysis, unreliable probes (9%) as
described by Barbosa-Morais et al. (2010) were removed from the
subsequent analysis.

Unsupervised clustering

We used the recursively partitioned mixture model (RPMM) for the
identification of colorectal tumor subgroups based on the Illumina

Hinoue et al.

280 Genome Research
www.genome.org

 Cold Spring Harbor Laboratory Press on November 19, 2024 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


Infinium DNA methylation data. RPMM is a model-based un-
supervised clustering approach developed for beta-distributed
DNA methylation measurements that lie between 0 and 1 and
implemented as the RPMM Bioconductor package (Houseman
et al. 2008). We identified probes that do not contain any ‘‘NA’’-
masked data points and then performed RPMM clustering on 2758
probes (10% of original probes) that showed the most variable
DNA methylation levels across the colorectal tumor panel. A fanny
algorithm (a fuzzy clustering algorithm) was used for initialization
and level-weighted version of Bayesian information criterion (BIC)
as a split criterion for an existing cluster as implemented in the
R-based RPMM package.

Statistical analysis and data visualization

Statistical analysis and data visualization were carried out using the
R/Biocoductor software packages (http://www.bioconductor.org).
The Wilcoxon rank-sum test and the Wilcoxon signed-rank test
were used to evaluate the difference in DNA methylation b-values
for each probe between two independent groups and between
tumor and matched adjacent-normal tissues, respectively. False-
discovery rate (FDR)–adjusted P-values for multiple comparisons
were calculated using the Benjamini and Hochberg approach. The
Illumina Infinium DNA methylation b-values were represented
graphically using a heatmap, generated by the R/Bioconductor
packages gplots and Heatplus. Ordering of the samples within an
RPMM class in the heatmaps was obtained by using the function
‘‘seriate’’ in the seriation package. We have created a Sweave doc-
ument containing the details of our analyses in the Supplemental
Material.

Classification and selection of cancer-specific DNA
methylation markers

We categorized gene promoters that exhibited cancer-specific DNA
methylation into three groups. We selected 415 unique gene pro-
moters that showed significant CIMP-H-specific DNA hyper-
methylation (FDR-adjusted P < 0.0001 for CIMP-H vs. non-CIMP
tumors and P > 0.05 for CIMP-L vs. non-CIMP tumors) and 73 gene
promoters that showed DNA hypermethylation in both CIMP-H
and CIMP-L tumors (FDR-adjusted P < 0.0001 for CIMP-H vs. non-
CIMP and CIMP-L vs. non-CIMP). For the third category, we
identified 547 genes that acquired cancer-specific DNA hyper-
methylation irrespective of CIMP status (FDR-adjusted P < 0.00001
for 29 paired tumor vs. adjacent non-tumor tissue) (for a list of
genes, see Supplemental Table 4).

Identification of diagnostic CIMP-associated DNA methylation
gene marker panels

We first selected the top 20 Infinium DNA methylation probes that
are significantly hypermethylated in CIMP (CIMP-H and CIMP-L)
compared with non-CIMP tumors based on the Wilcoxon rank-
sum test. Using the conditions that a DNA methylation b-value
$0.1 of three or more markers qualifies a sample as CIMP, we de-
termined a five-probe panel that best classifies CIMP (CIMP-H and
CIMP-L) by calculating the sensitivity, specificity, and overall
misclassification rate for each random combination of the top 20
probes. For the CIMP-H-specific marker panel, we first selected the
top 20 probes that are significantly hypermethylated in CIMP-H
compared with CIMP-L tumors. We then chose a five-marker panel
that showed the best sensitivity, specificity, and overall mis-
classification rate to classify CIMP-H using the conditions that
three or more markers show a DNA methylation b-value threshold
of $0.1.

Integrated analyses of the Illumina Infinium DNA methylation
and gene expression data

We selected one probe for each gene that showed the highest ab-
solute mean b-value difference between tumor and adjacent non-
tumor colonic tissues. We then merged the DNA methylation and
gene expression data set using Entrez Gene IDs using the R ‘‘merge’’
function. We considered expression data points with a detection
P-value >0.01, computed by BeadStudio software, as not distin-
guishable from the negative control measurements and therefore
not expressed. We used a mean b-value difference (|Db|) of 0.20
as a threshold for differential DNA methylation. This threshold
of |Db| = 0.20 was determined previously as a stringent estimate of
Db detection sensitivity across the range of b-values (Bibikova
2009).

Data access
The data discussed in this manuscript have been deposited in the

NCBI Gene Expression Omnibus (GEO) and are accessible through

GEO Series accession numbers GSE25062 and GSE25070.
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