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Patterns of DNA methylation in the normal colon
vary by anatomical location, gender, and age
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Alterations in DNA methylation have been proposed to create a field cancerization state in the colon, where molecu-
lar alterations that predispose cells to transformation occur in histologically normal tissue. However, our understanding
of the role of DNA methylation in field cancerization is limited by an incomplete characterization of the methylation
state of the normal colon. In order to determine the colon’s normal methylation state, we extracted DNA from normal
colon biopsies from the rectum, sigmoid, transverse, and ascending colon and assessed the methylation status of the
DNA by pyrosequencing candidate loci as well as with HumanMethylation450 arrays. We found that methylation levels
of repetitive elements LINE-1 and SAT-a showed minimal variability throughout the colon in contrast to other loci. Pro-
moter methylation of EVL was highest in the rectum and progressively lower in the proximal segments, whereas ESR1
methylation was higher in older individuals. Genome-wide methylation analysis of normal DNA revealed 8388, 82, and
93 differentially methylated loci that distinguished right from left colon, males from females, and older vs. younger indi-
viduals, respectively. Although variability in methylation between biopsies and among different colon segments was
minimal for repetitive elements, analyses of specific cancer-related genes as well as a genome-wide methylation analysis
demonstrated differential methylation based on colon location, individual age, and gender. These studies advance our
knowledge regarding the variation of DNA methylation in the normal colon, a prerequisite for future studies aimed at

understanding methylation differences indicative of a colon field effect.

Introduction

Modifications in DNA methylation are of particular interest
in cancer formation because they may arise as part of a field can-
cerization process, or “field effect,” which predisposes tissue to
neoplastic transformation.'? Field carcinogenesis, which has been
proposed to occur in various organs, including the colon, lung,
pancreas, oral cavity, esophagus, and prostate, was originally rec-
ognized by an increased risk of cancer formation in normal tissue
adjacent to a cancer. In the current era, it is recognized by the
detection of cancer-related molecular alterations in the histologi-
cally normal mucosa of an organ.’ With respect to the colon, this
suggests that normal-appearing mucosa within the colon could
be assessed for molecular alterations as a way to gauge the risk
of harboring concurrent colon adenomas or cancer or develop-
ing metachronous adenomas or cancer.® In fact, previous studies
evaluating the morphologically-normal colon mucosa (MNCM)
have demonstrated an association between DNA methylation
of certain cancer-related genes and neoplastic lesions located
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elsewhere in the colon.**”"" A direct correlation between the
aberrant methylation of APC, DKKI, CDKN2A/p16, and SFRP4
in the apparently normal colon mucosa and the presence of adja-
cent colon cancer has been reported.’? Another group showed
that a panel of methylated genes isolated from normal rectal
biopsies of 113 subjects was able to discriminate between those
with and without an adenoma present at the time of biopsy."”
The results of these and other studies demonstrate the potential
for aberrant DNA methylation in the normal colon to serve as a
marker of field cancerization in the colon, but the results remain
to be validated in independent populations in more thoroughly
characterized tissue sample sets.

A fundamental issue related to the validation and confirma-
tion of the studies previously described is an accurate assessment
of genome-wide DNA methylation in the normal colon mucosa
of individuals without colon neoplasia. Indeed, it is already
known that there are numerous functional and molecular differ-
ences between the various segments of the colon. The proximal,
or right colon (cecum, ascending colon, and proximal two thirds
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of the transverse colon) is derived from the embryonic midgut,
whereas the distal, or left colon (distal one third of the transverse
colon, descending colon, sigmoid colon, and rectum) is derived
from the embryonic hindgut."*" Consistent with the differences
in the embryological sites of origin of the different segments of
the colon, the DNA methylation status of certain genes in the
normal colon has been shown to vary by anatomical location, but
whether or to what extent this variability in DNA methylation is
related to differences in age, embryology, or some environmental
exposure is not known.'® Other loci have been shown to be meth-
ylated in histologically normal colon in an age-dependent fash-
ion, and half of the genes involved in this age-related methylation
are the same as those involved in colon carcinogenesis.”"” There
is also evidence that the degree of methylation of certain genes in
the normal colon varies between males and females.'®!” A better
understanding of variations in genome-wide methylation in the
normal colon related to age, gender, and anatomical location is
needed in order to identify methylated genes that are specifically
associated with the development of neoplasia.

The relative lack of characterization of the DNA methylation
state of the normal colon led us to conduct epigenetic studies of
the normal colon using a genome-wide approach combined with
analysis of specific cancer-related genes and repetitive elements
that are indicative of global methylation. We focused on repeti-
tive elements that have been shown to be susceptible to aberrant
methylation in colon cancer (LINE-1; SAT-a) and genes previ-
ously shown to be indicative of a colon field effect (EVL; MGMT),
a gene known to be aberrantly methylated in colon cancer but not
adjacent normal tissue (CDKN2A) and a gene shown to be asso-
ciated with age-related methylation (ESRI). On a genome-wide
level, we hypothesized that in the normal colon, methylation is
likely highly variable, with differences occurring as a function of
age, anatomical location, and gender. We assessed the variabil-
ity in DNA methylation in immediately adjacent regions of the
colon from single individuals as well as between individuals. We
correlated these findings with the anatomic location of the colon
and with the age and gender of the individual.

Results

Methylation levels in loci containing LINE-1 and SAT-a
repetitive elements from adjacent biopsy sites and from differ-
ent colon segments show minimal variability

Global DNA hypomethylation and regional hypermethyl-
ation are commonly observed in a variety of cancers, including
colorectal cancer.??! The regions that are hypomethylated often
involve repetitive sequence elements, such as LINE-1, ALU, and
SAT-a. A number of studies have demonstrated a loss of meth-
ylation in these regions in normal tissue that is at risk of devel-
oping cancer.?*** This led us to initially assess the methylation
status of loci containing LINE-1 and SAT-a repetitive elements
in normal colon mucosa. DNA methylation in these loci was
compared between two normal colon biopsy specimens obtained
from within two centimeters of each other in order to determine
the degree of variability between adjacent regions in the colon.
In general, for both LINE-1 and SAT-a loci, there was very little
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difference between the adjacent sites regardless of the anatomic
region of the colon (P > 0.18 for both loci in all colon sites using
¢ test and equivalent test). Additionally, LINE-1 and SAT-a
methylation levels demonstrated minimal variation between the
eight subjects examined (£ values for LINE-1 were >0.05 except
for the sigmoid colon, where P = 0.028; P values for SAT-o were
not significant; P values were generated using ANOVA) (Fig. 1).
When the methylation level of the LINE-1 and SAT-a loci in
DNA isolated from different segments of the colon was directly
compared, we found no significant differences between meth-
ylation levels in the rectum, sigmoid, transverse, and ascending
colon for LINE-1 (P = not significant using ANOVA test to com-
pare means). Although methylation differences between colonic
segments were statistically different for SAT-a, the mean differ-
ence was less than one percent between segments and it is unlikely
that this is biologically meaningful (P < 0.001 using ANOVA
test to compare means) (Fig. 2). There were no differences in
the methylation levels of these repetitive element-containing loci
with respect to age or gender.

Promoter methylation of ESRI and EVL differs between
individuals and between regions of the normal colon

In light of prior studies that provided evidence that there are
different classes of loci that are either susceptible to cancer-associ-
ated aberrant hypermethylation (“C” genes) or to age-associated
hypermethylation (“A” genes),” we next chose to study repre-
sentative loci from these two classes of genes. EVL and MGMT
are susceptible to cancer-specific methylation and also have been
found to be frequently methylated in the normal colon mucosa
of colon cancer patients suggesting they may be epigenetic can-
cerization markers. In contrast, CDKN2A has been found to be
methylated in colon neoplasms but not in normal colon mucosa
from colon cancer patients. ESRI has been shown to be more
highly methylated in the normal colon of older compared with
younger individuals and thus appears to undergo age-associated
methylation.”" Based on these prior findings, we chose to assess
the DNA methylation status of the promoter regions of the genes
EVL, MGMT, CDKN2A, and ESRI in the normal colon using
pyrosequencing (Fig. 3). EVL methylation varied according to
the location of the colon biopsy. The highest level of methylation
was detected in the rectum, and there was a gradual, step-wise
decrease in EVL methylation moving proximally to the sigmoid,
transverse, and eventually ascending colon (2 < 0.001 for mean
methylation level for each site using ANOVA). We also exam-
ined the promoter methylation status of EVL in the ascending
colon (A) and rectal (R) DNA samples that were assayed with
the HumanMethylation450 (HM450) BeadChip. There were
three probes targeting the £VL promoter on the HM450 arrays,
and although two of the three probes showed increased methyla-
tion in the A compared with R samples, these results were not
statistically significant. We suspect this discrepancy between the
pyrosequencing results and HumanMethylation450 array results
is due to the fact that these assays assess different regions of the
CpG island in the EVL promoter.

The other three genes demonstrated no significant dif-
ferences in their levels of methylation between the various
colon sites. As would be expected from previously published
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Figure 1. DNA methylation in repetitive elements in the various anatomical colon segments from eight patients. Each panel shows the degree of
methylation in two adjacent biopsies for each patient in LINE-1 (A-D) and SAT-a (E-H). There was minimal variability in methylation between adjacent
biopsies from each patient, minimal patient-to-patient variability, and low variability between colon segments.

studies, in the normal colon the MGMT and CDKN2A promot-
ers demonstrated minimal methylation in all regions among all
individuals. Although promoter methylation of the ESRI gene
did not differ by colon site, there appeared to be a greater range
of methylation values in the normal colon among the eight

individuals examined compared with the other three genes, with
normal methylation ranging from approximately 10-32% in
the sigmoid colon, for example (Fig. 3D). This finding, which
appears to correlate with the age of an individual, is described in
more detail below.
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Methylation of ESRI in the normal colon increases with
increasing age

Promoter methylation of ESRI, which has previously been
noted to be increased in the colon mucosa of older individuals
compared with younger individuals,"* correlated with age in the
eight normal individuals in this study. A weak positive correla-
tion between age and promoter methylation of ESRI was seen in
all four segments of the colon; this correlation was strongest in
the rectum (r* = 0.45) (Fig. 4). There was no correlation between
age and methylation level in EVL, MGMT, and CDKN2A.

Specific CpG dinucleotides in the EVL gene promoter dem-
onstrate variable levels of methylation

We used pyrosequencing to assess the methylation status of
a number of CpGs located in the EVL promoter, which allowed
us to precisely quantitate the proportion of methylated CpGs in
this promoter (Fig. S1). An examination of the degree of meth-
ylation of eight sequential CpG dinucleotides revealed a gradual
decrease in mean methylation from CpG 1 to CpG 8. This pat-
tern was seen in DNA isolated from the rectum, sigmoid, trans-
verse, and ascending colon. The difference in mean methylation
was greatest in the rectum, ranging from approximately 24% in
CpG 1 to approximately 5% in CpG 8, and the difference in
methylation between the first four CpGs was statistically dif-
ferent than the last four CpGs (P < 1 x 107°) With respect to
MGMT, CDKN2A, and ESRI, there were not substantial differ-
ences in methylation between sequential CpG dinucleotides in
their respective targeted promoter region.

Genome-wide methylation analysis of ascending colon and
rectal DNA reveals multiple differentially methylated genes

Our studies of the methylation status of specific loci in the
normal colon revealed substantial variability in their methylation
status, which led us to conduct an assessment of loci through-
out the genome of normal colon epithelial cells. Assessment of
genome-wide methylation of DNA isolated from the colon of
the eight individuals described above plus an additional four
normal individuals (i.e., with no neoplasia present anywhere
in the colon) was conducted using the HumanMethylation450
BeadChip arrays (Illumina). Mean methylation levels of the
matched ascending colon DNA and rectal DNA was compared
at more than 430 000 CpG sites located throughout the genome.
We found 8388 differentially methylated loci (DML) when
comparing ascending colon (A) and rectal (R) samples (FDR q
<1 x 107%). The top 50 DML are illustrated in Figure 5A and
the top 20 annotated loci based on lowest FDR q value are listed
in Table 1. Of the 8388 DML, 5456 (64.8%) showed higher
methylation in rectal DNA vs. ascending colon DNA, whereas
the entire top 20 annotated DML demonstrated higher methyla-
tion in the ascending colon samples compared with the rectal
samples.

Many of the DML between the ascending colon and rectal
samples were present in genes with more than one DML, either
in the same or different genomic locations within a given gene.
Thus, the 8388 DML corresponded to 2953 unique genes, and
1053 (35.3%) of these genes contained more than one DML. In
most of the genes with multiple DML, these loci were located
in similar genomic elements (both in the gene promoter, for
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Figure 2. A single colon biopsy from each colon site from each individ-
ual was used to compare methylation of LINE-1 (A) and SAT-« (B). Each
data point represents the percent methylation for one individual. The
average methylation of LINE-1 did not differ between rectum, sigmoid,
transverse, and ascending colon. The differences in methylation of SAT-«
between colon sites did meet criteria for statistical significance but over-
all the variability between colon segments was minimal. *P < 0.001 for
mean methylation level between each site.

example), but in 454 genes (15.4%), the DML were located in
distinct genomic regions (promoter and gene body, for example).
In general, when a gene had multiple DML in the same region,
these DML demonstrated similar levels of methylation, which
is consistent with previous publications that have demonstrated
strong positive correlations between methylation levels of CpGs
in proximity to each other.?”?® DML that were located in dif-
ferent genomic regions could either show similar or dissimilar
degrees of methylation. An example of a gene (B3GNT7) with
multiple DML in different genomic locations in rectum vs.
ascending colon samples is shown in Figure S2.

A greater proportion of loci that demonstrated differential
methylation between ascending colon (A) and rectal (R) samples
were located in intergenic and non-promoter regions (as opposed
to promoter regions) than was expected based on the total num-
ber of each probe types on the array. For example, while 41%
of the annotated probes on the HM450 BeadChip target CpGs
in promoter regions, only 30% of the differentially methylated
probes were located in gene promoters. Similarly, 25% of the
annotated HM450 probes target CpGs in intergenic regions,
but 30% of the differentially methylated probes were located
in intergenic regions (P < 0.001 using hypergeometric testing of
expected vs. actual number of DML for promoter, intragenic,
and intergenic probes) (Fig. 5B).
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Figure 3. Methylation status of cancer-related genes EVL, CDKN2A, MGMT, and ESRT is shown by colon location for each of eight individuals. Each data
point represents the methylation level for a single individual, and the average methylation level for each colon site is shown. EVL showed a statistically
significant decrease in average methylation between rectum, sigmoid, transverse, and ascending colon samples (P < 0.01 using ANOVA test to compare

There are differences in DNA meth-
ylation of multiple loci when comparing
females to males and comparing individuals
of various ages

When genome-wide methylation pat-
terns of females (n = 6) and males (n = 6)
were compared, we found a total of 82 DML
after excluding loci located on the X and Y
chromosomes (FDR q < 1 x 107%). The anno-
tated 20 DML with the lowest FDR q values
between females and are shown in Table 2.
Among these 20 DML, 12/20 (60.0%) were
more highly methylated in females, and
among the 82 DML (FDR q < 1 x 107),
57182 (69.5%) were more highly methyl-
ated in females. There were no differences
in methylation between males and females
when we considered the right and left colon
separately.

Next, we compared DNA methylation in
individuals aged less than 60 (n = 6) to those
aged greater than 60 (n = 6). There were a
total of 93 DML between these two groups
(FDR q < 0.10). A strip plot showing the top
12 DML (FDR q < 0.01) is shown in Figure 6
and the top 12 annotated loci (FDR q < 0.05)
are listed in Table 3. In general, the level of
methylation tended to increase in conjunc-
tion with increasing age of the individu-
als examined, with 71 out of the 93 DML
(76.3%) and 9 of the top 12 DML (75.0%)
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Figure 4. Relationship of ESRT methylation to the age of each individual. In DNA isolated from
all colon sites (A-D), there was a weak positive correlation (r?) between ESRT methylation and

age.
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demonstrating higher methylation in the older age group. When
we investigated the relationship of DNA methylation to age as a
continuous variable in the 12 study subjects, we found a direct
correlation between increasing methylation and age in the top 12
DML (Fig. 6B).

Gene set enrichment analysis (GSEA) demonstrated over-
and under-represented processes and pathways

The differentially methylated CpG sites between rectum and
ascending colon samples were next used to identify biological
processes that were either over-represented or under-represented
in these samples. We utilized both the Gene Ontology (GO)
terms and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways for the GSEA. Using a cut-off P value < 0.01, there were
281 over-represented GO terms in the rectum compared with
ascending colon samples, many of which were associated with
morphogenesis or cell differentiation, including gland morpho-
genesis, regulation of epithelial cell differentiation, and morpho-
genesis of an epithelial fold. There were nine under-represented
GO terms in the rectum vs. ascending colon samples, including
RNA processing and translational termination. When we exam-
ined the KEGG pathways using the differentially methylated
CpGs (P value < 0.01), we found 15 over-represented pathways
(including adherens junctions and Wnt signaling pathway) and
four under-represented pathways (including olfactory transduc-
tion and oxidative phosphorylation) in rectum compared with
ascending colon samples.

Discussion

In the present study, we describe patterns in DNA methyla-
tion in biopsy specimens obtained from the normal colon. In
the first series of studies we focused on the methylation status of
the repetitive genomic elements LINE-1 and SAT-a, and within
the promoter regions of the cancer-related and age-related genes
EVL, MGMT, CDKN2A, and ESRI. In colorectal cancer, it is
known that genome-wide hypomethylation, which is particularly
evident in repetitive DNA sequences, is associated with aneu-
ploidy.?*** EVL and MGMT have previously been shown to be
aberrantly methylated in the normal colon mucosa of individu-
als with sporadic colon cancer, and prior studies of these loci
have provided evidence for an epigenetic ‘field effect’ involving
tumor suppressor genes in the colon.??' Aberrant methylation
of CDKN2A, meanwhile, is frequently seen in neoplastic lesions
of the colon but not in uninvolved normal colon mucosa.?? The
estrogen receptor gene, ESRI, has been shown to exhibit increas-
ing promoter methylation that is associated with colon neoplasia
as well as with increasing age."3%3

We confirmed that LINE-1 and SAT-a show a relatively high
level of DNA methylation as expected in normal colon mucosa,
ranging from approximately 70—-80% in the loci we examined.
The degree of methylation did not differ substantially between
various colon segments or between the eight normal study sub-
jects. Additionally, the variability of methylation between biop-
sies taken at the same site from the same individual was minimal,
providing further characterization of the methylation state in the
normal colon.
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Figure 5. (A) Strip plot showing the top 50 (smallest FDR q value) dif-
ferentially methylated loci between the ascending colon and rectal DNA
samples. Each ascending colon sample is depicted as a blue dot, and
each rectal sample as an orange dot. The magnitude of methylation dif-
ference (difference in B value) can be seen for each group of samples
at each locus. The corresponding genes and probe locations of the top
20 loci are shown in Table 1. (B) The overall percentage of HM450 array
probe locations (black bars) compared with the probe locations of the
8388 differentially methylated loci (gray bars) is shown. A greater pro-
portion of the differentially methylated loci (DML) were located in intra-
genic and intergenic regions as opposed to promoter regions. The total
percent of probe types is greater than 100% because a few probes were
classified as belonging in more than one type of CpG class. (P < 0.001
using hypergeometric testing of expected vs. actual number of DML for
promoter, intragenic, and intergenic probes.)

With respect to the four cancer- or age-related genes we exam-
ined, we found very low methylation levels in the promoters of
the tumor-suppressor genes CDKN2A and MGMT with almost
no variation in methylation between individuals or by anatom-
ical location. Of these four genes, EVL was the only one that
demonstrated significant methylation differences by colon site,
with average promoter methylation decreasing from the rectum,
where it was approximately 15%, to the sigmoid colon, transverse
colon and, finally ascending colon, where it was approximately
5%. This finding, along with our genome-wide methylation
array results, which demonstrated multiple epigenetic differences
between DNA isolated from the right and left colon, highlight the
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Table 1. Top 20 annotated differentially methylated loci comparing ascending colon and rectum

Probe 1D Gene | Probe ocatonjc | V9P vAUEAscend: | Avg@valueiRec | AvgMualues | Avg Malue:
903037437 B3GNT7 Body/Y 0.94 0.53 4.06 0.15
€g15589126 B3GNT7 Body/N 0.92 0.60 3.45 0.61
909235217 B3GNT7 Body/Y 0.94 0.46 4.02 -0.22
€g20263165 FLJ12825 Body/N 0.88 0.57 2.95 0.38
917346176 MCM9 Body/N 0.91 0.63 3.35 0.76
€g12672050 ATG4B Body/Y 0.95 0.54 4.24 0.23
906774703 KRT36 TSS1500/N 0.93 0.57 3.78 0.42
€g09764780 EIF4G3 5’UTR/N 0.93 0.63 3.83 0.77
908042322 NT5DC3 Body/N 0.90 0.52 3.14 0.14
905532325 B3GNT7 Body/Y 0.95 0.57 4.26 0.43
913706784 LMF1 Body/Y 0.90 0.46 3.14 -0.23
902474926 PARP11 Body/N 0.95 0.65 4.18 0.92
906021088 BIN1 Body/N 0.53 0.11 0.18 -2.98
909728393 KIF13A Body/N 0.77 0.38 171 -0.71
905359518 TCF12 Body/N 0.84 0.50 242 -0.02
904772241 ZCCHC14 Body/Y 0.90 0.65 3.13. 0.92
Q22884674 PPP2R5E Body/N 0.91 0.59 3.37 0.54
906066694 DPEP1 5'UTR/Y 0.90 0.65 3.13 0.87
908886063 VPS53 Body/Y 0.88 0.65 2.87 0.89
€g26686732 FOXA2 Body/Y 0.61 0.06 0.62 -4.00

The top 20 annotated differentially methylated loci (DML) comparing ascending colon and rectal samples are shown. For each DML, the associated gene,
location, whether or not the probeis located in a CpGisland (CGI: Y, yes; N, no), and 8 and M values are listed. TSS1500 = CpG located 1500 base pairs down-
stream from transcription start site; 5’'UTR = CpG located in 5’ untranslated region.

importance of the biopsy location when interpreting the results of
DNA methylation studies of colonic tissue. ESRI demonstrated
somewhat higher promoter methylation (average approximately
15-20%) that varied minimally by colon site but did show greater
inter-individual variability than EVL, CDKN2A, and MGMT.
It is likely that this inter-individual variability is related to sub-
ject age as we noted a direct correlation between ESRI promoter
methylation and age, consistent with prior reports.”#* These
results have obvious implications regarding the development of
biomarker assays based on methylated DNA.

In addition to studies of specific CpGs, we assessed the
genome-wide methylation status of the colon epithelium using
HumanMethylation450 BeadChips. We compared methylation
patterns between matched normal ascending and rectal DNA
samples from 12 individuals without colorectal cancer or adeno-
mas. The results of these methylation arrays, which allowed us
to simultaneously compare the methylation status of more than
430000 CpG dinucleotides distributed throughout the genome,
highlight some of the differences in methylation in the normal
human colon between individuals and between regions of the
colon. We found more than 8000 DML when comparing the
average methylation in ascending colon and rectal biopsies.
Interestingly, more of the DML than would be predicted based
on the overall frequency of HM450 probe locations were found
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in intragenic (within a gene body) and intergenic (between gene)
locations as opposed to promoter regions. One explanation for
this finding is that the right and left colon arise from differ-
ent embryological sources (midgut vs. hindgut) and it has been
shown previously that alterations in methylation of the CpG
islands located remotely from promoters and transcription start
sites is frequently associated with particular tissue types and cell
lineages. >

We anticipate that the results of these studies will help inform
the development of epigenetic biomarkers from the normal colon
that are reflective of a “field cancerization process.” An under-
standing of epigenetic variability in the normal colon, where no
neoplasia exists, is a prerequisite to determining whether particu-
lar alterations in DNA methylation are genuine markers of a field
effect and not merely reflective of a predictable degree of variabil-
ity related to colon site, patient age, environmental factors, and so
forth. In addition to these demographic and biological variables,
there are numerous additional factors that were not evaluated
here that might affect methylation in the normal colon, such as
tobacco, alcohol, certain medications such as oral contraceptives,
and dietary factors. These factors will need to be considered in
future studies concerned with alterations of DNA methylation in
the normal colon that might be related to the presence or risk of
developing colorectal cancer.
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Table 2. Top 20 annotated differentially methylated loci comparing females and males

Probe ID Gene Probe location/CGI? A"Fge E\:Teh:e: AVQMBa:’::UE: A",?e":];’fe':e: A"QM'V;L as'”e‘
€g25294185 RNASEH2C Body/Y 0.03 0.14 -4.93 -2.57
cg17307919 CSMD1 Body/Y 0.96 0.86 471 2.68
cg03911306 DAZL TSS1500/N 0.93 0.75 3.83 1.58
916218221 CCNYL1 1st Exon/Y 0.23 0.08 -1.77 -3.50
€g22149355 MYOS5A 5'UTR/Y 0.34 0.13 -0.97 -2.80
900804338 TFDP1 5'UTR/Y 0.18 0.05 -2.21 -4.13
cg02675179 ACSM1 Body/N 0.87 0.77 2.68 1.76
912019814 RAD21 Body/N 0.62 0.75 0.71 1.60
924016844 LRIF1 TSS200/Y 0.05 0.09 -4.33 -3.36
908656326 TLE1 TSS1500/Y 0.31 0.13 -1.13 -2.80
€g22345911 CSNK1D 5'UTR/Y 0.06 0.02 -4.10 -5.43
902556954 ETF1 Body/N 0.58 0.69 0.44 1.16
916383222 CYHR1 Body/Y 0.12 0.07 -2.93 -3.66
920926353 TLE1 5'UTR/Y 0.50 0.23 -0.01 -1.83
906644124 ZNF281 1st Exon/Y 0.33 0.23 -1.03 -1.73
cg13150977 UBE2Q2P1 TSS200/Y 0.11 0.26 -3.06 -1.47
917226602 KIF4B 1st Exon/Y 0.49 0.36 -0.07 -0.80
902325951 FOXN3 Body/N 0.61 0.72 0.66 1.34
902798874 TRPV1 3'UTR/N 0.76 0.85 1.69 2.56
cg17403731 HCN2 Body/Y 0.73 0.91 1.44 3.36

The top 20 annotated differentially methylated loci comparing females and males, along with the gene name, location, whether or not the probe is located
in a CpG island (CGI; Y, yes; N, no), and /M values are shown. TS5200/1500 = CpG located 200 base pairs upstream or 1500 base pairs downstream from
transcription start site; 5’UTR;3’UTR = CpG located in 5" or 3" untranslated region, respectively.

Material and Methods

Sample acquisition and preparation

Colon biopsy specimens were obtained from the rectum, sig-
moid colon, transverse colon, and ascending colon from healthy
subjects who underwent screening colonoscopy at the University
of Pittsburgh Medical Center. Colon biopsies were snap frozen
in liquid nitrogen and transferred to a -80 °C freezer for long-
term storage. Two biopsies were taken with standard biopsy for-
ceps from each of the four colon sites totaling eight biopsies per
subject. The two biopsies from a particular segment were taken
immediately adjacent to each other (no more than 2 cm apart).
Ascending colon biopsies were taken no more than 20 cm dis-
tal to the cecum/ileocecal valve; the triangular-shaped mucosal
folds were used to identify biopsy sites for the transverse colon;
the sigmoid colon biopsies were taken from an area between
20 and 40 cm from the anal verge, and the rectal biopsies taken
from an area 5-10 cm from the anal verge. Normal specimens
from a total of eight subjects with no neoplasia present were
included in pyrosequencing-based methylation studies of spe-
cific genes (EVL, MGMT, CDKN2A, ESRI) or loci with repeti-
tive elements (LINE-1, SAT-a). DNA from these same eight
subjects plus an additional four normal subjects (also without
colon neoplasia) was assessed using the HumanMethylation450

www.landesbioscience.com

arrays. DNA was extracted using the Qiagen Core Kit A and
quantified using the Quant-iT PicoGreen DS DNA assay kit
following the manufacturers’ instructions (Qiagen #1042601
and Invitrogen #P7589). Five hundred nanograms of DNA
from each sample was bisulfite converted using the EZ DNA
Methylation Kit (ZymoResearch #D5002) and eluted in either
an 8 pLvolume for [llumina methylation arrays ora40 pLvolume
for pyrosequencing. Bisulfite converted DNA was submitted to
the Genomics Core at the Fred Hutchinson Cancer Research
Center (FHCRC) for processing, application, and scanning on
the HumanMethylation450 (HM450) BeadChip following the
manufacturer’s instructions (htep://www.Illumina.com).

Pyrosequencing

Assays to assess the methylation status of CpG dinucleotides
in the loci of interest were designed using the PyroMark Assay
Design 2.0 software (Qiagen, Inc.). For LINE-1 and SAT-a,
primers were designed to target consensus sequences based on
previously published reports.’” For EVL, MGMT, CDKN2A,
and ESRI, primers were designed to assess sequential CpG
dinucleotides located in a CpG islands near the transcription
start site of each respective gene. Following PCR amplification
using the Qiagen PyroMark PCR kit (Qiagen #978703), the
final biotin-labeled PCR product was purified, sequenced, and
analyzed using the PyroMark Q24 MDx machine. The accuracy
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of the assays was confirmed using a series
of known standard DNA samples before
assessing the test samples. Methylated,
unmethylated, and 50% methylated con-
trol DNA was included with each reac-
tion. Pyrosequencing primer sequences
and annealing temperatures for each gene
assay are shown in Table S1.
Genome-wide methylation arrays
HumanMethylation450 (HM450)
BeadChips (Illumina #WG-314-1003)
were used to compare patterns of DNA
methylation in normal colon epithe-
lial samples from 12 normal study sub-
jects. For each subject, DNA from both
ascending colon and rectum was included
on the array. Data from the BeadChips
was exported into the GenomeStudio
Methylation Module software (Illumina),
which contains information on probe loca-
tion, CpG island location, and methyla-
tion values. Methylation values from the
HM450 arrays are reported as “B values”
(B = M/M+U+100), where 0.0 is equiva-
lent to 0% methylation and 1.0 is equiva-
lent to 100% methylation at a given CpG
dinucleotide. We also converted B values
to “M values” (M = log,[M/U]), which
are logarithmic scores similar to those
used in gene expression microarrays. M
values were used for statistical analyses as
they have been shown to be more reliable
than {3 values for many statistical calcula-
tions and more accurate when evaluating
methylation data at the lowest and high-
est extremes.’”® Probes with detection
P values > 0.05 (poor starting DNA qual-
ity) were excluded from downstream
analyses. Bioconductor minfi package
software was used for background level
correction, color adjustment, and Subset-
quantile Within-Array ~Normalization
(SWAN).*” Non-specific filtering was next
used to remove probes that were located on
or within 10 base pairs from single-nucle-
otide polymorphisms (SNPs) and probes
that targeted non-CpG sites. Finally,
probes targeting CpG sites on the X and
Y chromosomes were removed in order to
reduce confounding due to gender bias.
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Figure 6. (A) Strip plot depicting the top 12 DML (FDR q value < 0.01) when comparing individuals
aged >60 to those aged <60. Each sample is shown as a blue dot (age >60) or red dot (age <60).In 11
of 12 top DML, methylation was higher in the older age group. The corresponding genes and probe
locations of the loci are listed in Table 3. (B) Regression curves for the same top 12 DML illustrat-
ing the linear relationship between methylation and age. For the same 11 out of 12 loci, the level
of methylation increased along with increasing age; methylation decreased with age at one locus.
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Table 3. Top 12 annotated differentially methylated loci comparing individuals age > 60 vs. < 60

Probe ID Gene Probe location/CGI? A\;\gg[i ZaGI:e. A‘:\ggE :a6lge. A\fg'\: ;/aGI(l)Je. Avf\’g'\: :Zl;e'
cg19731612 NSD1 TSS1500/Y 0.84 0.75 241 1.57
921823080 CNTNAP2 Body/N 0.72 0.47 1.37 -0.17
cg09381737 C9orf167 Body/Y 0.80 0.72 1.99 1.34
cg10635895 CACNA1C Body/Y 0.84 0.74 242 1.52
€g23390118 CACNATC Body/Y 0.79 0.69 1.92 1.16
cg07063463 MATN4 Body/Y 0.71 0.57 1.30 0.44
cg14581491 ATF6B Body/Y 0.01 0.01 -6.25 -6.88
cg07223935 RPH3AL Body/Y 0.84 0.91 238 3.40
cg21156776 HCG26 Body/N 0.68 0.80 1.12 2.00
€g20459037 WDR16 3'UTR/N 0.33 0.90 -2.26 4.12
cg21169611 SMc2 TSS1500/Y 0.02 0.01 -5.34 -6.15
cg07175007 UHMKT1 TSS1500/N 0.89 0.83 3.10 2.29

The top 12 annotated differentially methylated loci (DML) comparing individuals age >60 vs. <60 are shown. Along with the DML, the associated gene
name, location, whether or not the probe is located in a CpGisland (CGI: Y, yes; N, no), and 3/M values are listed. TSS1500 = CpG located 1500 base pairs
downstream from transcription start site; 3'"UTR = CpG located in 3’untranslated region.
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