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Abstract
We have compared DNA methylation in normal colon mucosa between colon cancer patients and
patients without cancer. We identified significant differences in methylation between the two
groups at 114 – 874 genes. The majority of the differences are in pathways involved in the
metabolism of carbohydrates, lipids and amino acids. We also compared transcript levels of genes
in the insulin-signaling pathway. We found that the mucosa of cancer patients had significantly
higher transcript levels of several hormones regulating glucose metabolism and significantly lower
transcript levels of a glycolytic enzyme and a key regulator of glucose and lipid homeostasis. The
se differences suggest that the normal colon mucosa of cancer patients metabolizes dietary
components differently than the colon mucosa of controls. Because the differences identified are
present in morphologically normal tissue, they may be diagnostic of colon cancer and/or
prognostic of colon cancer susceptibility.
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Introduction
One of the goals of human genome sequencing and whole genome association analyses is to
identify genes involved in common human disease. Although there have been multiple
successes (e.g., type 2 diabetes 1, 2, asthma 3, 4 and other common diseases5–7), there has
been little translational impact of identifying “common disease genes” because the relative
risk of developing disease for carriers of each risk allele is small (odds ratio averaging 1.18
for SNPs at 10 loci with very strong association in type 2 diabetes8, for example). Given the
multifactorial nature of common disease, this fact is not surprising, but it begs the question
of what additional information could be added to genetic risk data to increase the predictive
power for any particular disease. In this vein, there is great interest in the potential for
various measures of “epigenotype” to add predictive value to genetic risk data9, 10.
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The value of epigenetic information in this venture is potentially three-fold. First, systemic
epigenetic differences between individuals (i.e., those differences that result from stochastic,
environmental or genetic factors that act very early in development) can help explain
differences in gene expression between individuals of identical genotype at the affected
locus. Second, systemic epigenetic differences that can be detected in an easily accessible
tissue may serve as surrogate markers of gene activity in tissues that are inaccessible to
analysis. Third, tissue-specific epigenetic differences between individuals may provide a
mechanistic link between the genetic and environmental factors that contribute to disease
risk.

Colon cancer accounts for more than 10% of all invasive cancer in the United States and
more than 100,000 new cases are diagnosed annually11. It is the third most common type of
cancer in both men and women and is the third leading cause of cancer-related death11. Only
a small fraction (~5%) of all colon cancer is caused by highly penetrant inherited
mutations 12 and only a minority of cases (up to 35%13) appear to be influenced by heritable
factors that have not yet been identified. Moreover, there is compelling evidence linking
environmental influences such as western diets and cigarette smoking with increased risk of
colon cancer14–17. Colon cancer is the ideal disease for studying both epigenetic differences
between individuals and the epigenetic changes caused by the environment. Furthermore,
epigenetic alterations have been associated with both increased risk of disease 18–20 and
tumor progression21, 22.

The genetic and epigenetic changes observed in colon tumors have been characterized in
great detail by multiple laboratories23–29. These differences have largely been characterized
in colon cancer patients, comparing colon tumors to adjacent normal colonic mucosa from
the same patient. These studies lack true controls (i.e. patients without colon cancer) and do
not reveal whether there is anything distinctive about the normal mucosa of colon cancer
patients compared to the colonic mucosa of patients without cancer. We hypothesize that the
normal colonic mucosa of cancer patients is, in fact, not “normal” but “epigenetically
predisposed” to cancer because of the acquisition of multiple somatically heritable
chromatin modifications, including differences in DNA methylation. The goal of our study
was to identify DNA methylation differences that distinguish the “normal” colonic mucosa
of cancer patients from colon mucosa of individuals who do not have cancer and to
determine whether these differences reflect an environmental interaction associated with
colon cancer. The design of our current study allows us to identify epigenetic changes that
may represent “field defects” that are found in the normal mucosa of colon cancer patients
that are unlikely to be a result of the aberrant cellular machinery of the tumor cells.

Methods
Tissue collection

The “normal” mucosa specimens from patients with colon cancer were collected from colon
tissue removed in the operating room. Normal appearing colonic mucosa away from the
tumor tissue was sharply removed and the samples were snap frozen prior to DNA and RNA
isolation. Patients with a known history of FAP (familial adenomatous polyposis) or
HNPCC (hereditary non-polyposis colon cancer) were excluded.

Normal colon mucosa control specimens were collected from patients undergoing screening
colonoscopy. Each patient was interviewed prior to the procedure by one of the investigators
(M.L.S. or B.P.S.). Patients who reported a personal or family history of colon cancer were
excluded. Patients with a personal history of colon polyps or inflammatory bowel disease
were also excluded. After providing informed consent, each patient underwent complete
colonoscopy by a board-certified gastroenterologist. During that procedure, mucosal
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biopsies were obtained with a radial jaw large capacity biopsy forceps (Boston Scientific).
Specimens were placed into RNALater RNA Stabilization Reagent (Ambion, USA), and
stored at 4° C prior to DNA and RNA isolation.

DNA and RNA isolation
Tissue samples were rinsed with sterile saline and blotted dry prior to nucleic acid
extraction. DNA was extracted using standard phenol-chloroform techniques. The isolated
DNA was dissolved in 10mM TrisCl(pH 8.0). Samples were quantified by
spectrophotometry and stored at −80°C until ready for use. RNA was isolated using TRIzol
Reagent (Invitrogen Corporation, USA) according to the manufacturer’s instructions. The
RNA samples were purified using the Clean All RNA/DNA Clean Up Kit
(NorgenBiotekCorp., Ontario, Canada). The isolated RNA was dissolved in Milli-Q water,
quantified by spectrophotometry, and stored at −80°C until ready for use.

Bisulfite conversion and methylation assay
The EZ DNA Methylation-Gold Kit™ (Zymo Research, USA) was used to convert
unmethylated genomic DNA cytosine to uracil. Site-specific CpG methylation was analyzed
in the converted DNA template (5μl at 50ng/μl) using the Infinium Assay (Illumina Inc.,
USA), the HumanMethylation27 BeadChip, and a BeadArray Reader according to the
manufacturer’s instructions. The HumanMethylation27 BeadChip targets 27,578 CpG’s, the
vast majority of which lie within the proximal promoter regions of transcription start sites of
14,475 consensus coding sequences in the NCBI database (Genome Build 36). Methylation
data were analyzed on the GenomeStudio Data Analysis Software (Illumina Inc., USA) as
well as SPSS version 16.0 (SPSS Inc., Chicago, IL).

Pyrosequencing validation of methylation assay
Primers were designed for the genes of interest using PyroMark Assay Design Software
version 2.0 (Qiagen, USA). The PyroMark Gold Q96 Kit (Qiagen, USA) was used to test
500 ng of bisulfite converted DNA from samples and internal controls according to the
manufacturers recommendations. Analysis was conducted using the PSQ 96 HS instrument
and the PyroMark Q96 MD Software (Qiagen, USA).

Transcriptome profiling
RNA integrity was tested using the 2100 Bioanalyzer 600 Nano RNA Chip (Agilent
Technologies, USA). The six RNA samples with the highest quality from cancer and non-
cancer patients were pooled. All six of the RNA samples from non-cancer patients had RIN
values in excess of 8. Two of the RNA samples from cancer patients had RIN values in
excess of 8 but the remaining four samples had RIN values of 3.5, 4.0, 4.2 and 4.3.
However, we tested whether the (Cthousekeeping gene−Ctgene of interest) was related to RIN
value in the individual samples by comparing Ct values for CEBPA, SLC2A1 and GAPDH
and demonstrating that neither Ct values nor relative rank of transcript level were related to
RIN and therefore concluded that differences between groups could not be explained by
RNA sample quality in these particular samples. In addition, we assayed transcript levels
between cancer and control groups for nine of the genes with the largest difference in an
independent sample of cancer and control individuals by Realtime RTPCR (see below). The
Superscript III Reverse Transcriptase Protocol (Invitrogen Corporation, USA) was used to
create cDNA. One microgram of cDNA from each group was added to a 96 well RT Profiler
PCA Array System: Human Insulin Signaling Pathway array plate (SABiosciences, USA).
Analysis was performed using the Excel based template provided by SABiosciences.
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Quantitative real time RT-PCR validation of transcript levels
Gene-specific TaqMan probes (Applied Biosystems, USA) were used to quantify steady
state mRNA levels of CEBPA, G6PC, IGFBP1, LEP, PTPRF, RETN, SERPINE1, SLC2A1
and INS in 21 additional samples of normal colon mucosa from cancer patients and 21
additional samples of normal colon mucosa from patients without cancer or polyps. GAPDH
was used as the reference housekeeping gene. The cDNA and TaqMan mix were amplified
under the following conditions: 50°C for 2 minutes, 95°C for 10 minutes, 45 cycles of 95°C
for 15 seconds and 60°C for 60 seconds. A melting curve analysis of the PCR products was
performed to verify their specificity and identity. Raw CT values were used to compare
relative gene expression levels using the ΔΔCT method.

Results
DNA Methylation Profiling Identifies an Epigenetic Signature of Cancer in the Normal
Colon Mucosa of Cancer Patients

Normal colon mucosa (see Methods) from 30 cancer patients and 18 controls was selected
for quasi-genome-wide DNA methylation analysis. Approximately twice as many cancer
patients as controls were selected to gain statistical power 30. All of the colon mucosa
specimens used in our analysis were from the right side of the colon (proximal to the hepatic
flexure, see Methods). There was no difference in the mean age of cancer patients and
control patients (65.6±11.6 vs. 61.3±11.6, p=0.222) or in the distribution of sex between the
two groups (Female: 55.6% of control vs. 56.7% of cancer, p=0.588).

DNA was extracted by procedures that are standard for human tissues (see Methods) and
500ng of each DNA sample was treated with sodium bisulfite and monitored for conversion
using a commercially available assay (see Methods). Site-specific DNA methylation was
assayed using “HumanMethylation27 BeadChip” arrays, which contain probes for 27,578
CpG sites in 14,495 genes (see Methods).

Signals significantly above background were detected for more than 27,561 CpGs in all 48
samples. We compared mean beta-values (“beta-value” is the fraction of a particular CpG
site that is methylated, which may range from 0 to 1; raw beta values were background
normalized to correct for any differences in signal intensity between arrays) at each CpG site
between the 30 cancer patients and the 18 controls.

We used three different metrics to identify significant differences in site-specific mean
methylation level between the normal colonic mucosa of cancer patients and the colon
mucosa of controls: 1) a Bonferroni-corrected P-value of 1.8 × 10−6 (i.e., 0.05/27,578 to
correct for the number of individual CpG sites being tested) identified 119 sites in 114 genes
(Table 1); 2) a Benjamini-Hochberg false-discovery rate 31 of 0.05 identified 909 sites in
873 genes (all of the genes identified in the Bonferroni-corrected data were also identified in
the Benjamini-Hochberg false discovery rate screen; the additional 759 genes are shown in
Supplementary Table 1), and; 3) a requirement that any candidate gene must show a
significant difference (P≤0.05) between cancer and control groups for at least three CpGs in
each gene identified 299 sites in 65 genes (an average of 4.5 CpGs per gene, Table 2).

We have used the latter ad hoc but “common sense” approach to identifying candidate genes
that were differentially methylated in children conceived through assisted reproduction32, 33,
as well as individuals with diabetic nephropathy34 and have shown that many of the
methylation differences so identified are also correlated with differences in mean transcript
level between groups10, 32. We note that adopting the criterion of three or more differentially
methylated CpGs distinguished the 65 candidate genes (Table 2) and 299 CpG sites from
only 1,588 CpGs on the array that could fulfill the criterion of three or more CpGs per
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candidate gene. It is noteworthy that nearly 20% of the 1,588 CpGs that could have been
different between cancer patients and controls were found to be significantly different
because these 1,588 CpGs are concentrated in genes selected on the basis of perceived
importance in cancer or development. Furthermore, of the 114 genes that fulfill the
Bonferroni-correction requirement in Table 1, only five are represented on the array by three
or more CpGs (BCDIN3, C12orf24, CHFR, KCNQ1, SEMA3B). It is noteworthy that even
though selection in Table 1 is for a single CpG to be different at the Bonferroni-corrected P-
value, all five genes exhibit significant differences at three or more CpGs, suggesting that
the methylation differences between groups observed at single CpG sites in Table 1 are
robust over greater distances. In fact, inspection of data on all of the CpGs interrogated in
the 65 genes in Table 2 show numerous cases in which multiple CpGs, spread over hundreds
to thousands of base pairs are similarly and significantly differently methylated between
cancer mucosa and controls (Supplementary Table 4).

As a measure of the magnitude of the difference in methylation levels between the mucosa
of cancer patients and the mucosa of controls and the discriminatory power of the approach,
beta-values for individual patients are graphed at three CpGs for two of the most interesting
genes in Table 2 (from the stand point of being cancer related and environment related), the
tumor suppressor gene VHL and the gene encoding insulin (Figure 1). Similarly, individual
beta-values at four of the genes which each have two CpGs that are significantly different in
the Bonferroni-corrected gene list (Table 1), the oncogene VAV1, the oncogene RASSF5, the
imprinted potassium channel gene KCNQ1 and the imprinted GABA receptor GABRR2, are
shown in Figure 2. It should be noted that the strong correlation between methylation levels
at different, but nearby (between 20 bp and 752 bp apart) CpGs that were also assayed on
the array for five of the six genes shown in Figures 1 and 2 (the RASSF5 CpGs are 50 kb
apart) suggests that the differences observed are representative of the actual level of
methylation over the region (independently of external validation) and that the inter-
individual differences observed are genuine. However, beta values for CpGs in four of the
candidate genes (SLC16A3, VAV1 from Table 1 and INS, ZNF512 from Table 2) were
validated independently by bisulfite pyrosequencing (see Methods and Supplementary
Figure 1. Supplementary Figure 2 shows beta-values for individual patients at two CpGs in
bisulfite pyrosequencing validated candidates SLC16A3 and ZNF512.).

Functions of Genes that Are Differentially Methylated in Cancer Mucosa vs. Control
Mucosa

We performed Ingenuity Pathway Analysis (Ingenuity Systems, Inc., see Methods) with the
candidate genes identified using each of the three metrics (Bonferroni correction,
Benjamini-Hochberg false discovery rate, three or more CpGs different in the same
candidate gene) to identify potential functional pathway differences between the normal
colon mucosa of cancer patients and controls. Forty-nine of the 114 genes identified using
the Bonferroni corrected P-value are found in pathways involved in carbohydrate and lipid
metabolism and small molecule biochemistry (Supplementary Table 2). One of the top three
networks (Figure 3) is involved in both lipid metabolism and cell growth and proliferation.
Interestingly, this network also has a link to vitamin D metabolism and high levels of
vitamin D are suspected to be preventive of colon cancer 35. As expected if the selection
criteria are robust, the top genes identified using the Benjamini-Hochberg false discovery
rate selection yield similar pathways (we used only the top 114 genes, by P-value, rather
than all 873 genes, to determine whether the two metrics yielded comparable results;
Supplementary Table 3). Of the top four networks obtained using each of the Bonferroni and
Benjamini-Hochberg selected gene sets (Supplementary Tables 2 and 3) each of the eight
networks has between 13 and 22 of the input gene list present and a network score of greater
than 20 (probability that the molecules are unrelated by function <10−20) the top function of
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three networks is carbohydrate metabolism, the top function of two networks is lipid
metabolism, three networks are involved in small molecule biochemistry, one network in
amino acid metabolism and one of the eight networks (Figure 3) also has cell growth and
proliferation as a top function.

Overlap with Genes Previously Identified as Differentially Methylated in Colon Cancer
Relatively few of the colon mucosa differences identified in cancer patients in our study are
among the large number of genes that have been shown to be differentially methylated
between colon tumors and matched colon mucosa of cancer patients by others23–26. In other
words, the major methylation differences that we have identified between the mucosa of the
cancer patients and the mucosa of the controls are not concentrated solely in the set of genes
that become altered during tumor development. Only two (Table 3, column 1) of the 77
cancer-specifically methylated genes described by Widschwendter et al.23 are among the
114 genes identified (Table 1) as significantly different using the Bonferroni corrected P-
value of 1.8 × 10−6. Only nine (Table 3, column 2) of Widschwendter et al.’s 77 genes are
present among the 874 genes identified using a Benjamini-Hochberg false discovery rate of
0.05. Although the CpGs on the Illumina array used in our experiment are concentrated
mainly in promoter regions and do not interrogate many of the “CpG Island Shores”
described by Irizarry et al.26, only nine (Table 3, column 3) of the 114 genes in Table 1 are
among the more than 2,700 identified as significantly differently methylated in the study of
Irrizary et al.26. As expected for a candidate gene list that is enriched in cancer-associated
genes (Table 2), nearly one-quarter (16 of 66) of the genes at which “normal” mucosa from
colon cancer patients differs significantly at three or more CpGs are among those described
by Irizarry et al.26 (Table 3, column 4).

Transcript Levels of Insulin Signaling Pathway Genes Are Altered in Normal Colon Mucosa
from Patients with Cancer

If the DNA methylation differences we observe in genes involved in carbohydrate, lipid and
amino acid metabolism are indicative of altered metabolic function in the normal colon
mucosa of cancer patients, we might expect to observe differences in the expression of key
components of important metabolic pathways. We used a commercially available PCR array
(see Methods) to compare transcript levels of 89 genes in the insulin signaling pathway in
the normal mucosa of six cancer patients and six matched controls, pooled (Methods). The
cancer patients were selected on the basis of the greatest DNA methylation differences,
compared with controls, in a selection of 10 genes from the Bonferroni candidates (Table 1)
and “three CpG” candidates (Table 2). The insulin signaling pathway was selected for
analysis because it is central to the metabolism of carbohydrates and Ingenuity Pathway
Analysis suggested that methylation of genes in the insulin signaling pathway is altered in
the normal mucosa of cancer patients (Supplementary Tables 1 and 2).

Of the 89 genes in the insulin-signaling pathway assayed for transcript level, the twenty
genes showing the greatest difference between cancer and control (higher or lower) are
shown in Table 4. Among the genes showing the greatest increase in transcript level in
cancer mucosa are the hormones LEP and INS. Among the genes showing the greatest
decrease in transcript level in cancer patients are a transcription factor (CEBPA) that is
intimately involved in glucose homeostasis, a protein tyrosine phosphatase receptor
(PTPRF) involved in metabolic regulation and an enzyme in the gluconeogenesis pathway
(G6PC). Independent validation of the pooled-sample array result was attempted for nine of
the genes in Table 4 (LEP, SERPINE1, CEBPA, SLC2A, G6PC, IGFBP1, INS, RETN and
PTPRF) using additional individuals from cancer and control groups (none of the
individuals in the validation were analyzed on the array, see Methods) by Realtime RTPCR.
Six (LEP, G6PC, SERPIN1, CEBPA, PTPRF and INS) of the nine candidate genes tested
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confirmed significant differences between groups of cancer and control patients (Table 4)
and individual transcript levels for four of these (two in which transcript levels are higher in
cancer mucosa and two in which transcript levels are lower) are illustrated in Figure 4. The
three genes for which significance was not reached also exhibited differences in the same
direction as the pooled samples examined on the array (Table 4).

These results suggest that the gene-specific DNA methylation differences we observe
between the normal mucosa of cancer patients and the normal mucosa of controls result in
differences in the ability of the two sources of normal mucosa to metabolize dietary
components.

Discussion
Our findings indicate that there are major differences in DNA methylation between the
normal mucosa of cancer patients and the normal mucosa of controls. The major targets of
these differences are genes involved in metabolism of carbohydrates, lipids, amino acids and
other small molecules. Our limited analysis of transcript levels in the insulin-signaling
pathway corroborate that such differences result in quantitative differences in gene
expression in important metabolic pathways. The methylation differences observed between
the normal mucosa of cancer patients and the normal mucosa of controls are distinct from
the differences found when the normal colon mucosa of cancer patients is compared with the
colon tumors of the same patients. These differences suggest that the normal colon mucosa
of cancer patients metabolizes dietary components differently than the colon mucosa of
controls.

It is tempting to use the individual gene methylation differences observed to predict how
they might affect transcription of each gene in each individual. Of the twenty genes profiled
on the PCR array, only two exhibit significant between-group differences in methylation
levels by the criteria considered in this study. Three CpGs in INS are significantly more
methylated in cancer mucosa than control mucosa (Figure 1 and Table 2). Two of the CpGs
are located within 250 bp 5′ to the transcription start site (but are not in a CpG island) and
the third is in the first exon within 75 bp of the start site, however, INS is expressed at higher
levels in cancer mucosa than control mucosa (Table 4 and Figure 4). On the other hand, a
CpG in an island 5′ to the PDPK1 transcription start site is significantly more methylated in
cancer mucosa than control mucosa (Table 1) and PDPK1 is expressed at lower levels in
cancer mucosa (Table 4). Of the six genes for which we validated significant differences in
transcript level (Table 4), two (LEP and SERPINE1) have two CpGs in CpG islands adjacent
to the start site that differ in the expected direction and one (G6PC) is interrogated by only a
single CpG (that is not in an island) but this CpG also differs in the expected direction. One
CpG in PTPRF is within 500 bp of the transcription start, but not in an island, and is more
methylated in cancer mucosa than controls and PTPRF is expressed at lower levels in cancer
mucosa (Table 4 and Figure 4). Both of the CpGs interrogated in CEBPA are in a CpG
island but one is within the single exon and the other is 3′ to the coding sequence. Both of
these CpGs are less methylated in cancer mucosa than control mucosa but CEBPA is
expressed at lower levels in cancer (Table 4 and Figure 4). We have, however, observed a
positive correlation between DNA methylation and transcript level at this gene in a previous
study32. Overall, we note that while approximately 50% of human genes exhibit an inverse
correlation between transcription and DNA methylation36, inter-individual methylation
differences, in cis, account for only a small fraction of inter-individual variance in transcript
level (approximately 10–15%10, which is same fraction accounted for by genetic variation,
in cis (reviewed in37) and cases of a positive correlation between methylation and transcript
level also exist (e.g.32).
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At this point, we cannot distinguish whether the epigenetic differences we observe are the
result of pre-existing differences between control individuals and individuals who later go
on to develop cancer, or are changes programmed by the tumor at distant sites in
morphologically normal colon mucosa. In this regard, we note that at least some of the
epigenetic differences we observe in the normal colon mucosa of cancer patients may be
associated with “field cancerization” epigenetic events. For example, promoter methylation
of the O6-methylguanine-DNA methyltransferase (MGMT) has been observed in a
significant fraction of normal mucosa samples from cancer patients38 and we also observed
MGMT methylation differences at multiple CpG sites in our experiment (Table 2). However,
at least some epigenetic differences between cancer patients and controls are known to be
pre-existing, such as “loss of imprinting” at IGF2/H19 18–20. Moreover, it does not, a priori,
seem obvious why the predominant epigenetic pathways reprogrammed by colon tumors
should be involved in metabolism of lipids and carbohydrates. On the other hand, there are
epidemiological data that suggest a strong link between high fat diets and subsequent
development of colon cancer 14–17, arguing that epigenetic reprogramming of lipid and
carbohydrate pathways should occur before the development of cancer. If these metabolic
differences do pre-exist and predispose individuals toward further genetic and epigenetic
changes that may lead to cancer, the identification of the pathways involved could allow for
novel dietary or pharmaceutical interventions in those patients at highest risk.

Although none of the eight examples of candidate gene methylation differences shown in
Figures 1 and 2 and Supplementary Figure 2 completely discriminates the mucosa of cancer
patients from the mucosa of controls, it is apparent that a collection of such markers (the
number would depend on the degree of overlap of cancer and control distributions for each
marker) would have very high diagnostic power, in aggregate, to distinguish colon mucosa
of cancer patients from colon mucosa of controls and would fulfill the discriminatory
demands of a clinical setting39. Furthermore, if a significant fraction of the differences we
observe are systemic, similar to the constitutional “loss of imprinting” found at IGF2/
H1918–20, then these markers may indicate a high probability that an individual will develop
cancer and that this prediction could be made by assaying biomarker methylation levels in
tissues such as peripheral blood or saliva. Even if all of the methylation differences observed
are colon mucosa-specific and these differences accumulate over the lifetime of the
individual, they can serve as sentinel markers at which differences may occur prior to the
appearance of colon polyps. The potential addition of an objective biochemical measure of
cancer risk to an invasive screening test that relies entirely on the un-aided eyes of the
endoscopist to detect colon polyps would be an important diagnostic advance.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Methylation levels at three CpGs within the VHL gene (A) and the INS gene (B) in normal
colon mucosa from patients with colon cancer (solid circles) and matched controls (open
circles). CpGs were selected on the basis that mean methylation levels differed significantly
between groups at P<0.05.
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Figure 2.
Methylation levels at two CpGs that differ significantly between groups at P< 1.8 × 10−6

within the VAV1 gene (A) the RASSF5 gene (B) and the imprinted genes KCNQ1 (C) and
GABRR2 (D). Methylation levels plotted for normal colon mucosa from patients with colon
cancer (open squares) and matched controls (filled diamonds).
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Figure 3.
Ingenuity Pathway Analysis of genes that are differentially methylated (P<1.8 × 10−6)
between normal mucosa of cancer patients and controls. Genes in shaded symbols denoted
by a star are significantly more methylated in cancer patients; genes in shaded symbols
without a star are significantly less methylated in cancer patients. The top functions of this
network are lipid metabolism, small molecule biochemistry, cellular growth and
proliferation.
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Figure 4.
Realtime RTPCR analysis of transcript level in normal colon mucosa of individual cancer
and control patients for SERPINE1 (A; n=19 cancer, 19 control; P<10−6), CEBPA (B; n=21
cancer, 20 control; P<10−3), PTPRF (C; n=19 cancer, 20 control; P<10−5) and INS (D;
n=18 cancer, 18 control; P<10−6).

Silviera et al. Page 14

Cancer Prev Res (Phila). Author manuscript; available in PMC 2013 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Silviera et al. Page 15

Ta
bl

e 
1

G
en

es
 in

 w
hi

ch
 m

ea
n 

co
lo

n 
m

uc
os

a 
m

et
hy

la
tio

n 
le

ve
ls

 d
iff

er
 b

et
w

ee
n 

ca
nc

er
 p

at
ie

nt
s a

nd
 c

on
tro

ls
 a

t t
he

 B
on

fe
rr

on
i-c

or
re

ct
ed

 P
≤1

.8
 ×

 1
0−

6 . 
G

en
e 

na
m

es
in

 b
ol

d 
ha

ve
 la

rg
es

t m
ea

n 
di

ff
er

en
ce

s b
et

w
ee

n 
gr

ou
ps

 a
nd

 w
er

e 
us

ed
 to

 se
le

ct
 in

di
vi

du
al

s f
or

 a
na

ly
si

s o
f i

ns
ul

in
 si

gn
al

in
g 

pa
th

w
ay

 tr
an

sc
rip

t l
ev

el
s.

SE
PT

4
C

D
55

FB
XO

6
IL

1B
N

IP
SL

C1
6A

3

AC
AD

11
C

D
K

9
FL

J1
43

46
IN

PP
5D

N
T5

E
SL

C
43

A3

AH
N

AK
C

G
B5

FL
J2

01
86

IR
F5

PA
RV

B
SL

C
O

1C
1

AL
AS

1
C

G
B8

FL
J3

02
94

IS
G

20
L2

PD
C

D
1

SP
RR

2D

AL
O

XE
3

C
G

I-
69

FL
J3

98
22

IT
LN

1
PD

PK
1

SU
LT

1C
2

AL
PP

C
H

C
H

D
1

FL
J4

38
55

JA
G

2
PH

LD
B2

SU
SD

3

AP
1S

1
C

H
FR

FS
D

1N
L

K
C

N
Q

1
PT

D
00

4
TB

C
1D

5

AP
O

A1
C

H
ID

1
FX

YD
7

K
IA

A1
91

3
RA

B1
1F

IP
5

TC
F8

AQ
P7

C
O

L1
3A

1
G

AB
RR

2
KR

TH
B6

RA
D

23
A

TC
N

2

AR
FG

AP
1

C
O

RO
6

G
AT

A2
K

SP
37

RA
M

P1
TE

K
T3

AR
H

G
AP

11
A

C
U

G
BP

2
G

C
N

T1
LT

C
4S

RA
SS

F5
TF

R2

AS
AH

L
D

D
X4

9
G

G
TL

A1
M

AP
K

10
RP

S3
A

TM
EM

55
B

AT
P9

A
D

LK
1

G
K

2
M

AP
K

15
RP

U
SD

1
TN

FR
SF

4

BC
D

IN
3

D
U

SP
5

G
N

RH
2

M
G

C
70

36
RU

FY
3

TS
SK

6

BR
F1

EL
K

4
G

P1
BB

M
G

C9
71

2
S1

00
A3

U
N

C
13

D

C
12

or
f2

4
EN

PE
P

G
ST

P1
M

U
C

5B
SE

M
A3

B
U

SH
BP

1

C
1Q

C
EP

H
A1

H
IS

T1
H

2A
J

N
D

U
FS

2
SE

M
A6

B
VA

V1

C
C

L8
EX

O
C

6
H

IS
T2

H
4

N
EK

6
SE

RP
IN

G
1

ZC
3H

11
A

C
C

T6
A

FA
M

10
5A

H
S7

47
E2

A
N

G
FR

SG
SH

ZN
F2

48

Cancer Prev Res (Phila). Author manuscript; available in PMC 2013 March 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Silviera et al. Page 16

Ta
bl

e 
2

G
en

es
 in

 w
hi

ch
 m

ea
n 

co
lo

n 
m

uc
os

a 
m

et
hy

la
tio

n 
le

ve
ls

 d
iff

er
 b

et
w

ee
n 

ca
nc

er
 p

at
ie

nt
s a

nd
 c

on
tro

ls
 a

t t
hr

ee
 o

r m
or

e 
C

pG
s (

P<
 0

.0
5 

at
 e

ac
h 

C
pG

). 
G

en
e

na
m

es
 in

 b
ol

d 
ha

ve
 la

rg
es

t m
ea

n 
di

ff
er

en
ce

s b
et

w
ee

n 
gr

ou
ps

 a
nd

 w
er

e 
us

ed
 to

 se
le

ct
 in

di
vi

du
al

s f
or

 a
na

ly
si

s o
f i

ns
ul

in
 si

gn
al

in
g 

pa
th

w
ay

 tr
an

sc
rip

t
le

ve
ls

.

AB
C

B4
C

C
N

D
2

FE
N

1
K

LK
10

PE
G

10
SL

C
22

A1
8

AL
X4

C
D

H
13

G
AL

R1
LO

C
12

92
85

PO
LR

2G
SM

PD
3

AT
P1

0A
C

D
K

N
2A

G
AT

A4
LO

X
PP

P1
R9

A
SN

RP
N

BC
D

IN
3

C
H

FR
G

N
AS

M
AG

EL
2

PS
M

B6
SY

K

BC
L2

C
TS

Z
G

N
M

T
M

ES
T

PT
PR

O
TH

RB

BI
K

D
AP

K
1

G
PX

3
M

G
M

T
PY

C
AR

D
TN

FR
SF

10
C

BR
AF

D
IR

AS
3

G
RB

10
M

LH
1

RA
B3

2
U

BE
3A

C
12

or
f2

4
D

LX
5

H
19

M
SX

1
RB

1
VH

L

C
AL

C
A

D
N

AJ
C

18
IG

F2
N

N
AT

RU
N

X3
W

T1

CA
SP

8
ED

N
RB

IN
S

O
BF

C
2B

SE
M

A3
B

ZN
F5

12

C
C

N
D

1
ER

BB
2

KC
N

Q
1

O
SB

PL
5

SE
RP

IN
B5

Cancer Prev Res (Phila). Author manuscript; available in PMC 2013 March 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Silviera et al. Page 17

Table 3

Genes that differ in methylation between normal mucosa of cancer patients and normal mucosa of controls and
also differ between normal mucosa of cancer patients and colon tumors.

Bonferroni vs.
Widschwendter et al.
(2007)

Benjamini-Hochberg vs.
Widschwendter et al. (2007)

Bonferroni vs. Irizarry et
al. (2009)

Genes with three CpGs different vs.
Irizarry et al. (2009)

CHFR BCL2 ALOXE3 ALX4

GSTP1 CHFR CUGBP2 BCL2

ESR1 DLK1 CALCA

GATA4 DUSP54 DLX5

GSTP1 GATA2 EDNRB

IGF2 RASSF5 GALR1

MSHR SEMA6B GATA4

RUNX3 SUSD3 GNAS

SFRP4 ZNF248 IGF2

MEST

MGMT

MSX1

PTPRO

RB1

THRB

WT1
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