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Abstract

DNA hypermethylation is a common epigenetic abnormality in colorectal cancers (CRCs) and a
promising class of CRC screening biomarkers. We conducted a genome-wide search for novel
neoplasia-specific hypermethylation events in the colon.

We applied methylation microarray analysis to identify loci hypermethylated in 17 primary CRCs
relative to 8 non-neoplastic colonic tissues (NCs) from neoplasia-free subjects. These CRC-
associated hypermethylation events were then individually evaluated for their ability to
discriminate neoplastic from non-neoplastic cases, based on real-time quantitative methylation-
specific PCR (qMSP) assays in 113 colonic tissues: 51 CRCs, 9 adenomas, 19 NCs from CRC
patients (CRC-NCs), and 34 NCs from neoplasia-free subjects (control NCs).
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A strict microarray data filtering identified 169 candidate CRC-associated hypermethylation
events. Fourteen of these 169 loci were evaluated using gMSP assays. Ten of these 14 methylation
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events significantly distinguished CRCs from age-matched control NCs (p<0.05 by ROC curve
analysis); methylation of VSX2 achieved the highest discriminative accuracy (83.3% sensitivity
and 92.3% specificity, p<1E-6), followed by BEND4, NPTX1, ALX3, miR-34b, GLP1R, BTG4,
HOMER?2, ZNF583, and GJC1. Adenomas were significantly discriminated from control NCs by
hypermethylation of VSX2, BEND4, NPTX1, miR-34b, GLP1R, and HOMER?2 (p<0.05). CRC-
NCs were significantly distinguished from control NCs by methylation of ALX3 (p<1E-4).

In conclusion, systematic, methylome analysis has identified ten novel methylation events in
neoplastic and non-neoplastic colonic mucosae from CRC patients. These potential biomarkers
significantly discriminate CRC patients from controls. Thus, they merit further evaluation in stool-
and circulating DNA-based CRC detection studies.

Keywords

Colorectal cancer; colorectal adenoma; methylation; microarray; real-time methylation-specific
PCR; biomarker

INTRODUCTION

In the United States, colorectal cancer (CRC) is the third most prevalent and the second
most deadly cancer in both sexes(Jemal 2008). CRC is highly curable in its early, localized
stages, with a 5-year survival rate exceeding 90%(Jemal 2008). Unfortunately, 61% of new
cases are already advanced at the time of diagnosis(Jemal 2008). Delayed diagnosis occurs
due to the asymptomatic nature of most early-stage CRCs; thus, the key to reducing deaths
from CRC is periodic screening of the entire colon in the average-risk population (Kahi, et
al. 2008). The current gold-standard method for the entire colon screening is colonoscopy
(Kahi et al. 2008). However, invasive screening modalities, including colonoscopy, are not
ideal for the application to asymptomatic population. Therefore, active investigations are
now underway to discover noninvasive biomarkers, such as those found in stool, that could
supplement or supplant colonoscopic screening.

Hypermethylation of CpG islands (CGIs) is a promising CRC biomarker with high potential
for translation into non-invasive CRC detection modalities. CGl hypermethylation is a
common epigenetic DNA abnormality that has been strongly linked to CRC (Fraga and
Esteller 2007). CGI hypermethylation possesses several advantages as a biomarker: 1)
hypermethylation at multiple CGls often exists in adenomas, suggesting its potential utility
in early detection (Kim, et al. 2006); 2) only one assay per locus is generally needed, in
contrast to gene mutation that frequently require multiple assays due to the multiple
mutational hotspots; and 3) quantitative methylation assays are applicable to low-integrity
DNA commonly encountered in clinical specimens(Eads, et al. 2000; Uhlmann, et al. 2002).
However, known cancer-specific methylation targets in the colon have in the past been
identified based on their functional relevance to neoplastic progression, rather than their
merit as biomarkers, partly due to the previous lack of genome-wide, high-resolution
methodologies for the direct analysis of methylation.

Recent technological advances now offer the ability to perform high-throughput, direct
assays of DNA methylation (Estecio, et al. 2007). In the current study, we employed a
microarray-based direct scanning assay of DNA methylation to extensively search for CGI
hypermethylation events, based purely on their performance as CRC biomarkers, for
ultimate application to the average-risk population.

Endocr Relat Cancer. Author manuscript; available in PMC 2012 October 04.
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MATERIALS & METHODS

Patients and nucleic acid preparation

Sporadic CRC tissues were obtained during surgery. Adenomas were obtained during
colonoscopy. All adenomas were =1 cm in diameter or exhibiting advanced histology (/.e.,
tubulovillous adenomas, villous adenomas, and adenomas with focal high-grade dysplasia).
We excluded from the study recurrent CRC patients, polyposis- or inflammatory bowel
disease (IBD)-associated CRC patients, and patients who ever underwent chemotherapy for
CRC or other neoplasias prior to sampling.

Three types of non-neoplastic colonic mucosae (NCs) were used in this study: NCs from
CRC patients (CRC-NCs), NCs from neoplasia-free subjects who were 40 years of age or
older (control NCs), and NCs from neoplasia-free subjects who were younger than 40 years
of age (young control NCs). Neoplasia-free subjects were those who underwent screening
colonoscopy but presented no colonoscopic abnormalities and possessed no history of
colonic neoplasia, IBD, or chemotherapy for any malignancies.

Tissue acquisition was conducted under a protocol approved by the institutional review
board at the Johns Hopkins University (Baltimore, Maryland, U.S.A.). Written consent was
obtained from all patients enrolled after full explanation of the purpose and nature of all
procedures used. Genomic DNA was extracted from snap-frozen tissues using a DNeasy kit
(Qiagen, Valencia, CA). Demographic data for cases studied in microarray/methylation-
specific PCR (MSP) experiments and real-time quantitative MSP (QMSP) experiments are
summarized in Table 1. All specimens interrogated in microarray experiments were also
included in gMSP experiments. CIMP status of each tumor was determined based on gqMSP
measurement of the methylation status of five loci (RUNX3. SOCS1, NEUROGI, IGF2,
and CACNAIG), as described previously (Weisenberger, et al. 2006). Neoplasias
demonstrating methylation at >3 or <3 of the five loci were classified as CIMP-positive (+)
or —negative (-), respectively.

MCAM: methylated CpG island amplification (MCA) coupled with microarray analysis

MCAM was conducted according to a previously published protocol, using the
isoschizomers Smal and Xmal (Estecio et al. 2007). 244K Human CpG Island microarrays
(Agilent Technologies, Santa Clara, CA) were employed as an array platform. Using this
methodology, we were able to assess the methylation status of 34,396 Smal-Xmal restriction
fragments that covered to 50.4% of all CGls in the genome. Ssst-treated fully methylated
DNA was used as a control DNA. Normalized log?2 array intensity ratio to control fully
methylated DNA at each locus (referred to as “log2 array ratio” hereafter) was used to
represent locus methylation level. We verified the robustness of this MCAM methodology
as follows: two separate MCAM experimental batches of a specimen displayed markedly
high reproducibility (R>0.99; Supplementary Figure 1A), and methylation measurements by
MCAM and gMSP were significantly correlated (R>0.70; Supplementary Figure 1B).
Further methodological details are described in Supplementary Methods.

Selection of candidate cancer-specific methylation targets based on the MCAM data

The criteria for autosomal cancer-specific methylation events in the colon were as follows:
1) mean log2 array ratio for CRCs greater than that for control NCs by more than 0.5 at t-
test p<0.01; 2) no overlap in log2 array ratio between any CRCs versus any control NCs; 3)
mean log2 array ratio for CRCs greater than the lower 95% confidence limits of mean
normalized log, array ratios for array normalization control probes (see supplementary
Methods for description); 4) mean log2 array ratio for control NCs greater than the upper
95% confidence limits of mean log2 array ratios for normalization control probes.

Endocr Relat Cancer. Author manuscript; available in PMC 2012 October 04.
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Methylation-specific PCR (MSP)

MSP analyses were performed on pooled primary CRC-derived DNAs vs. pooled control
NC-derived DNAs. Specimens analyzed by MSP were identical to those analyzed by
MCAM. Thirty-seven cycles of PCR amplification were carried out, and PCR product
quantity was measured by gel electrophoresis using a GelDoc XR system (BioRad,
Hercules, CA). We verified both lack of amplification from unmethylated control DNA and
efficient amplification from fully methylated control DNA. A given locus was classified as
hypermethylated in CRC when the visualized PCR product from pooled CRCs was >5-fold
more abundant than from pooled control NCs. Primer sequences are shown in
Supplementary Table 1.

Real-time quantitative MSP (QMSP)

gMSP was performed using the same primer set as for MSP and a locus-specific TagMan
probe for each locus, as described previously(Mori, et al. 2006). The fraction of densely
methylated DNA molecules at each locus (i.e., percent methylation, or, PMR) was
calculated as described previously (Mori et al. 2006). TagMan probe sequences are provided
in Supplementary Table 1.

Statistical analyses

RESULTS

A p-value of less than 0.05 was used as the cut-off for statistical significance. Normalized
MCAM data were assessed using Student’s t-tests, unless otherwise stated. gMSP data were
analyzed using Mann-Whitney test, unless otherwise stated, due to their non-normal
distribution. Receiver-operator characteristic (ROC) curve analysis was applied to evaluate
the diagnostic performance of PMR data at each locus. ROC curves were generated using
the PMR data for each locus as a continuous input variable. The non-parametric Delong
Clarke-Pearson method was applied to compare areas under ROC curves (AUROCS;
DelLong, et al. 1988). Forward stepwise discriminant analysis and five-fold cross validation
were employed to generate diagnostic models based on methylation levels at multiple loci.

We conducted a genome-wide search for novel targets of CRC-specific hypermethylation by
employing methylated DNA microarray-based scanning of primary CRCs followed by
locus-specific gMSP-based validation (strategy outlined in Figure 1). A total of 33,414
autosomal CGlI loci were interrogated. After performing qualitative validation in the tissue
cohort that was used in the microarray analysis, quantitative validation was carried out in a
larger tissue cohort utilizing locus-specific qMSP-based assays.

Microarray scanning

Methylated DNA microarray analysis was performed using MCAM methodology (Estecio et
al. 2007). Seventeen primary CRCs and 8 non-neoplastic colonic mucosae (NCs) from
colonic neoplasia-free control subjects who were 40 years of age or older (control NCs)
were analyzed (Table 1). We study aged control individuals in order to avoid mistakenly
identifying age-associated hypermethylation targets as neoplasia-specific hypermethylation
events. Matching non-neoplastic colonic tissues from CRC cases (hereinafter referred to as
NC-CRC) were not used as controls, since these tissues may already carry hypermethylation
events linked to an increased risk of carcinogenic progression due to a “field defect”
(Belshaw, et al. 2010; Nosho, et al. 2009; Shen, et al. 2005; Svrcek, et al. 2010).

The majority of analyzed loci tended to be differentially methylated in CRCs relative to

control NCs (p<.1: 18,892 of 33,414 analyzed autosomal loci). Cluster analyses of these
18,892 loci showed separation of CRCs from control NCs (Supplementary Figure 2). As
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expected based on previous publications (Estecio et al. 2007; Weisenberger et al. 2006),
CIMP (+) and CIMP (=) CRC:s clustered separately, with the exception of one CIMP (=)
CRC that was methylated at two CIMP marker loci and clustered with CIMP (+) CRCs. We
selected candidate autosomal loci for colonic neoplasia-specific methylation based on
significant hypermethylation in CRCs relative to control NCs by a mean log2 array intensity
ratio difference =0.5. In order to eliminate markers that would likely to exhibit low
sensitivity and specificity in CRC diagnosis, we excluded loci whose methylation level
overlapped between CRCs and control NCs (/.e., loci showing hypermethylation in CRC at
which minimum log2 array ratio for CRCs is smaller than maximum log2 array ratio for
control NCs, and vice versa). Based on these criteria, 169 loci were designated as candidate
loci showing neoplasia-specific hypermethylation in colonic mucosae.

One of these 169 loci was SFRPZ, a previously published target of cancer-specific
methylation in the colon, whose methylation has been reported in 75-90% of stool DNAs
from CRC patients by multiple groups (Huang, et al. 2007; Muller, et al. 2004; Nagasaka, et
al. 2009; Wang and Tang 2008). The current MCAM study also confirmed significant
hypermethylation of several other previously reported CRC methylation markers in CRCs
relative to control NCs (such as RASSF2and vimentin, Supplementary Table 2). However,
unlike SFRPZ, these loci demonstrated overlap in methylation levels between CRCs and
control NCs in our study, and were therefore not included among the aforementioned 169
loci.

Individual qualitative validation of prioritized targets in a pilot pooled cohort

Twenty of these 169 candidate CRC-specific methylation target loci were prioritized for
further individual validation based on having shown the largest differences between CRCs
and control NCs and the smallest intra-group variance in array-based methylation levels
(Supplementary Table 3). These 20 loci were then analyzed by qualitative MSP, using
pooled DNA specimens for CRCs and control NCs that had been studied in microarray
scanning experiments. Specimens were pooled in order to avoid exhaustion of limited
clinical DNA resources. We reasoned that the previous and subsequent non-pooled analyses
(7.e., microarray and gMSP assays) would eliminate false-positive findings caused by
sample pooling (e.g., massive hypermethylation occurring in only a minority of CRCs).
Hypermethylation in pooled CRCs vs. pooled control NCs was observed at 16 of the 20
analyzed loci: SFRP2, VVSX2, BEND4, ALX3, NPTX1, GLPIR, HOMER?Z, GJC1, DOCKS,
NME4, ZNF583, TMEMA42, TTLL12, miR-34b, and MDF/ (Supplementary Table 3). The
miR34b locus flanks the region that is proximal to the B7G4 gene transcriptional start site
and is hypermethylated in approximately 90% of primary CRCs (Toyota, et al. 2008).

Quantitative methylation assays of validated targets in a larger cohort

We then assessed methylation of the qualitatively validated CRC-specific methylation
targets in a larger cohort using a quantitative methodology, gMSP. Two loci were eliminated
prior to performing gMSP: MDFI, for failure to establish a successful gMSP assay; and
SFRPZ, for having already been established as a CRC detection marker (Huang et al. 2007;
Muller et al. 2004; Nagasaka et al. 2009; Wang and Tang 2008). The 14 qMSP-tested loci
comprised VSX2, BEND4, ALX3, NPTX1, GLPIR, HOMER?Z, GJC1, DOCK8, NME4,
ZNF583, TMEMA42, TTLL12, miR-34b, and BTG4 (i.¢.., the previously analyzed miR34b-
flanking region (Toyota et al. 2008)). The analyzed case-control cohort contained 113
specimens: 51 primary CRCs, 9 adenomas, 26 control NCs from non-neoplasia patients, 19
NCs from CRC patients (CRC-NCs), and 9 NCs from colon neoplasia-free cases who were
younger than 40 years of age (young control NCs). The control NCs were analyzed as a base
control group representing the target population for average-risk CRC screening. Case
demographic data are shown in Table 1. There were no significant differences in case age, a
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well-established non-neoplastic methylation-promoting factor, between any groups except
for the young control NCs.

All 14 tested loci demonstrated varying degrees of hypermethylation in CRCs by gMSP
assays. Significant hypermethylation in CRCs relative to control NCs was observed at all
tested loci except DOCKS, NME4, TMEMA42, and TTLL12(Figure 2). These four loci
demonstrated tumor-specific methylation in a minor subset of CRCs. NME4, TMEMA42 and
TTLL12were methylated in less than 10% of the 51 CRCs, and methylation of these loci
was observed only in CRCs that had been studied by MCAM. Thus, these three loci were
eliminated from further analyses, leaving 11 loci for further study. No significant differences
in methylation levels according to the gender, Dukes stage (AB vs. CD), or MSI status were
observed at any of these 11 loci (data not shown). GJCI was significantly more heavily
methylated in proximal CRCs (median percent methylation, or PMR, 10.8%) than in distal
CRCs (0.8%; p=0.02). CIMP (+) CRCs demonstrated significantly higher PMR levels than
did CIMP (=) CRCs at ALX3, NPTX1, BTG4, GLP1R, HOMERZ, DOCKS, and GJCI,
although the majority of CIMP (=) CRCs were hypermethylated at all of these loci except
DOCKS (data not shown). DOCK8was methylated in only 11 (25.6%) of 43 CIMP (-)
CRCs, in contrast to CIMP (+) CRCs (4 of 5, or 80%; Fisher’s exact test, p=0.03).

Significant hypermethylation in adenomas relative to control NCs was observed at BENDA,
VSX2, NPTX1, miR34b, and HOMER?Z (Figure 2). Only miR34bwas methylated at equal
levels in CRCs and adenomas (median PMR 10.9% vs. 11.4% for CRCs vs. adenomas,
respectively; p=0.76). Remaining four loci were methylated at lesser degrees in adenomas
than in CRCs, but these differences were insignificant. Tumor demographic data analyses
were not performed for adenomas.

Notably, ALX3was mildly but significantly hypermethylated in CRC-NCs relative to
control NCs (median PMR 1.6% vs. 0.6% for NC-CRCs vs. control NCs, respectively;
p=0.001; Figure 2 and Supplementary Figure 3). ALX3methylation in CRC-NCs showed no
significant association with age or corresponding CRC stage (data not shown). Methylation
levels of NC from all CRC-free cases (viz., control NCs and young control NCs) at BEND4,
GJC1, VSX2, and miR34b were significantly correlated with age (Spearman rank
correlation R=0.55, 0.51, 0.39, and 0.38, respectively; p<0.05). However, differences
between older and younger control NCs were small: median PMRs for old vs. young NCs
were 0.3% vs. 0.0%, 0.1% vs. 0.0%, 0.3% vs. 0.0%, and 1.4% vs. 0.6%, for BEND4, GJCJ,
VSX2, and miR34b, respectively. These differences were smaller than those reported for
classic age-dependent hypermethylation targets (e.g., N33and ESRI; (Ahuja, et al. 1998;
Issa, et al. 1994)). Association between gender and gene methylation was not assessed due
to the small number of female control NC cases studied (n=2).

Evaluation of methylated loci as colonic neoplasia markers

Next, we tested the 11 CRC-specific methylation targets for their abilities to distinguish
colonic neoplasias from control NCs by employing ROC curve analysis. Methylation levels
at all loci significantly distinguished CRCs from control NCs (p<.05; Table 2). VSX2
achieved the highest discriminative accuracy (the area under ROC curve, AUROC, 92.3,
83.3% sensitivity and 92.3% specificity; Figure 3A). BEND4, ALX3, NPTX1, miR34b,
BTG4, and GLPIR also achieved particularly high diagnostic accuracy (AUROC>0.8,
p<1E-6; Figure 3A). There was no statistically significant difference in AUROC between
discrimination of Dukes AB vs. Dukes CD CRCs from control NCs for all but one locus:
ALX3discriminated Dukes AB CRCs significantly better than Dukes CD CRCs (p<0.03;
Table 2). Five loci significantly distinguished adenomas from control NCs: VSX2, BEND4,
NPTX1, miR34b, and HOMER?Z2 (p<.05; Table 2), despite of our relatively small adenoma
cohort size (n = 9). BTG4 also demonstrated weak discriminative capacity in this regard
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(p=0.09). Three loci were capable of significantly distinguishing CRC-NCs from control
NCs: ALX3 (p=5.1E-5; Table 2). ZNF583 and BEND4 exerted similar significant
discriminative abilities (p<.05), but the lower 95% confidence limit for their AUROCSs did
not exceed 0.5. Age did not significantly discriminate any diseased tissue classes from
control NCs, as expected from our age-matched study enrollment strategy (data not shown).
The use of a multi-locus methylation panel improved the discrimination of CRC-NCs from
control NCs (AUROC 0.83; 95% CI 0.69-0.92) relative to the best-performing single locus
(ALX3), although this improvement was insignificant (Figure 3B). The loci included in this
multi-locus panel were ALX3, ZNF583, miR34b, and VSX2. The use of multi-locus
methylation panels did not improve the discrimination of CRCs from NCs relative to the
best-performing single locus (VSXZ, data not shown).

DISCUSSION

This unbiased genome-wide methylomics scan identified 169 candidate hypermethylation
targets in human primary CRCs. The validity of our method was supported by our finding
significant hypermethylation ofpreviously reported genes undergoing hypermethylation in
CRC, including SFRPZ (Huang et al. 2007; Muller et al. 2004; Nagasaka et al. 2009; Wang
and Tang 2008). Individual gMSP assessment of systematically prioritized loci validated
frequent hypermethylation in primary CRCs at 11 loci: VSX2, NPTX1, BEND4, ALX3,
miR34b, BTG4, GLPIR, HOMER?Z, GJC1, DOCKS, and ZNF583. Infrequent but neoplasia-
specific methylation was observed in 3 additional loci: NME4, TTLL12, and TMEMA4Z.
Hypermethylation at each of these 11 loci effectively discriminated CRCs from colonic
mucosae of age-matched neoplasia-free cases (/.e., control NCs). Most of these loci
exhibited high discriminative accuracy (i.e., AUROC>0.8 and p<1E-6), with VSX2
performing the best (AUROC=0.93). Multi-locus panels did not improve diagnostic
accuracy relative to VSX2alone, but combination with existing CRC detection markers
could still be tested in future studies. Methylation levels of VSX2, NPTX1, BENDA,
miR34b, and HOMER?Z also significantly differentiated adenomas from control NCs
(AUROC 0.74-0.83) and may constitute ideal markers for early-stage disease detection and/
or risk stratification. The observed AUROC values for CRC and adenoma discrimination
were very high even under current study conditions (/.¢., use of age-matched control cases
and lack of tumor cell enrichment by microdissection, which enhance methylation-based
discriminative accuracy). Therefore, we believe that these loci merit a large scale
independent validation study as well as study for their use as biomarkers for stool- and
plasma-based CRC detection.

It is also notable that CRC cases, regardless of their CIMP status, were distinguished from
age-matched neoplasia-free cases based on hypermethylation of non-neoplastic colonic
mucosae at certain loci (such as ALX?3). This finding is reminiscent of recent reports
showing that CRC-associated hypermethylation target loci are mildly hypermethylated in
non-neoplastic colonic mucosae from colonic neoplasia patients (Ahlquist, et al. 2008b;
Belshaw, et al. 2008; Menigatti, et al. 2007; Worthley, et al. 2010). However, in these
published reports, differential methylation of non-neoplastic mucosae was CIMP (+)
neoplasia case-specific, or based on data from non-age-matched subjects. Our findings in
non-neoplastic mucosae support the notion that CRC-associated hypermethylation initiates
at an early, non-neoplastic stage, representing a widespread “field defect” (Belshaw et al.
2010; Nosho et al. 2009; Shen et al. 2005; Svrcek et al. 2010). These non-neoplastic
mucosal methylation events should be clinically translatable into CRC risk prediction, by
using non-neoplastic colonic or rectal mucosa as an analytic substrate. Moreover, CRC
detection markers whose CRC-associated hypermethylation initiates at non-neoplastic stage
may perform better in stool DNA-based tests than in primary tissue DNA-based tests, since
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stool DNA is derived from both non-neoplastic and neoplastic colonic mucosal cells. Further
investigation of this concept is now indicated.

The current MCAM study also detected CRC-associated hypermethylation of multiple
previously published CRC-specific methylation markers, including the most extensively
studied methylation marker to date, vimentin (Ahlquist, et al. 2008a; Baek, et al. 2009;
Chen, et al. 2005; Itzkowitz, et al. 2007; Li, et al. 2009). However, these markers, except for
SFRPZ, demonstrated methylation overlap between CRCs and NCs in our MCAM tissue
cohort, and thus did not satisfy our selection criteria. Estecio et a/. also performed MCAM
on CRCs mainly focusing on CIMP class-based profiling, and reported hypermethylation of
BARHL 1and RSHL 1 (Estecio et al. 2007). Our MCAM study verified significant CRC-
associated hypermethylation of BARHL 1, but not of RSHL 1. We designed our selection
criteria to eliminate CRC-associated hypermethylation targets that were also moderately
methylated in non-neoplastic colonic mucosae of neoplasia-free cases, since they would not
be anticipated to perform well as stool biomarkers, due to normal DNA contamination in
stool DNA. As proof-of-principle of the success of our strategy, the current candidates did
not include previously reported targets exhibiting this type of methylation (e.g., SS7 and
CAV/1, which were previously identified in our own pharmacological unmasking study)
(Mori et al. 2006).

The current study represents the first report of neoplasia-associated hypermethylation of
VSX2, BEND4, GLPIR, HOMER?Z, GJC1, ZNF583, and NME4 in any tumor type. Among
the other loci identified by our unbiased scanning strategy, cancer-specific hypermethylation
at the miR-34b-BTG4 locus has been documented in multiple primary tumors, including
CRC (Dong, et al. 2009; Kozaki, et al. 2008; Lujambio, et al. 2008; Toyota et al. 2008).
Similarly, NPTX1 methylation has been reported in cancers of the pancreas and cervix
(Hagihara, et al. 2004; Ongenaert, et al. 2008; Yang, et al. 2009). ALX3 methylation has
been reported in neuroblastoma, and hypermethylation of another member of the same gene
family, ALX4, showed promise as a CRC detection biomarker(Ebert, et al. 2006; Tanzer, et
al. 2010; Wimmer, et al. 2002). Additionally, epigenetic downregulation of DOCK8 has
been implicated in lung cancer (Takahashi, et al. 2006). These reports indicate that the
cancer-associated hypermethylation of many loci is involved in malignancies arising from
different cell lineages. Thus, the loci detected in the current study should also be explored
for use as broad-spectrum malignancy biomarkers, especially in blood-based detection
studies.

DNA hypermethylation overlapping gene promoter regions is often associated with
abnormal transcriptional silencing (Fraga and Esteller 2007). The loci miR34band BTG4
closely flank each other and overlap with a bidirectional promoter that can regulate the
expression of both miR34band BTG4 (reverse orientation; Toyota et al. 2008). Both genes
exhibit promoter methylation-mediated gene silencing, along with tumor-suppressive
properties, in vitroand /n vivo (Lujambio et al. 2008; Toyota et al. 2008). Nevertheless,
miR34b has been suggested as the principal transcript of this promoter in colonic epithelium
(Toyota et al. 2008). Interestingly, miR34b was the only locus in the current study that was
hypermethylated equally in both adenomas and CRCs. Taken together, these published and
current findings suggest that de novo epigenetic silencing of miR34b is involved in the early
stages of colorectal neoplastic progression.

Four additional CRC-specific hypermethylation targets were located within promoter

regions: NPTX1, DOCKSE, GLPIR, and ZNF583. ZNF583 and DOCKSE downregulation are
associated with insensitivity to chemoradiotherapy in esophageal cancer (Maher, et al. 2009;
Ogawa, et al. 2008). Thus, it is plausible that hypermethylation at one or more of these loci,
in addition to miR34b, contributes to colonic neoplastic progression. Considering their links
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to chemosensitivity, ZNF583 and DOCK8 hypermethylation may also mark tumors with a
poor prognosis or therapeutic response. A different cohort design will be necessary to
further investigate these potentially important topics. NPTX1 and GLP1R are involved in
endocrine pathways that have been linked to CRC. NPTX1 is downregulated by
pharmacological inhibition of estrogen signaling, indicating that NPTX1 is a downstream
effector of estrogen (Gomes, et al. 2011; Yasuhara, et al. 2008). Estrogen has been
suggested to protect against CRC development (Hogan, et al. 2009; Lin, et al. 2011), and
epigenetic inactivation of estrogen receptor alpha (ESR1) has been widely observed in
colonic mucosae of aged individuals as well as in CRCs (Issa et al. 1994). NPTX1
downregulation is also associated with cell immortalization (Hiyama, et al. 2008), thus
NPTX1 might contribute to the anticancer effects of estrogen. GLP1R signaling is linked
diabetes mellitus by its ability to promote insulin production and dietary fat-induced insulin
resistance (Ayala, et al. 2010). Notably, diabetes mellitus is associated with an elevated
CRC risk (reviewed in (Larsson, et al. 2005)). GLP1R downregulation is induced by
longstanding hyperglycemia and has been suggested to augment cellular responses to
mitogenic signaling (Hadjiyanni, et al. 2010; Xu, et al. 2007). GLP1R is expressed in normal
colon (Campos, et al. 1994), thus it is plausible that epigenetic downregulation of GLP1R is
involved in the insulin-related carcinogenic mechanism. Further functional studies are
indicated to evaluate the potential relevance of these two endocrine-related genes in colon
carcinogenesis.

Three of the 14 gMSP-analyzed loci demonstrated only infrequent CRC-specific
methylation. Furthermore, qualitative MSP failed to detect candidate CRC-associated
hypermethylation at four of 20 loci that were identified and prioritized based on MCAM
data. gMSP is a robust and sensitive methylation assay method that is applicable to a wide
variety of target sequences and is directly translatable to clinical settings. However, qMSP
(and, to a lesser degree, MSP) is less sensitive in detecting diffuse methylation events than is
MCAM, because MCAM detection depends only on the methylation of CpGs within 6-base
restriction enzyme recognition sites, while gMSP detection depends on the continuous
methylation of multiple CpGs within a PCR amplicon. Additionally, some CpG
dinucleotides assessed by MCAM could not be included in regions of interest for MSP
assays, due to flanking sequence characteristics preventing adequate MSP amplification.
This type of MSP assays might have failed to detect segmental methylation that was
detectable by MCAM. Therefore, we speculate that presence of diffuse or segmental
methylation contributed to this discrepancy between assays. Application of assay methods
that can assess diffuse methylation (e.g., bisulfite pyrosequencing) to these loci may reveal
additional CRC-associated hypermethylation targets.

The current study possesses some limitations due to cohort characteristics. This study did
not assess methylation in association with chronic inflammation (e.g., IBD; Itzkowitz and
Yio 2004). However, we considered IBD-associated hypermethylation to be unlikely to
compromise the current study’s major focus, average-risk CRC screening: IBD patients
undergo periodic endoscopic surveillance, making them unlikely to participate in average-
risk screening (Itzkowitz, et al. 2005). The current study may also have failed to detect
methylation markers unique to female CRC cases, since both our neoplastic and control
cohorts were predominantly male due to patient demographics at the participating clinics.
Additional potential confounding variables (e.g., folate intake, alcohol consumption, obesity,
and race) were not addressed, because our control case number was not sufficiently large for
this type of analysis. Thus, it will be desirable to further validate the current findings in an
independent larger cohort. Additionally, including adenomas in the MCAM cohort could
have further improved enrichment for novel markers that are highly methylated in
adenomas.
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In summary, the current study has successfully applied an unbiased, extensive genome-wide
scanning strategy to discover neoplasia-specific methylation targets in the colon, identifying
169 candidate novel loci. Quantitative PCR-based analysis of prioritized loci in a larger
patient cohort revealed that methylation events at 11 loci were accurate in distinguishing
both neoplastic and non-neoplastic colonic mucosae of colonic neoplasia patients from
control colonic mucosae of neoplasia-free patients. Two of these genes have been implicated
in endocrine-related carcinogenesis. Methylation at these loci now merits further
investigation in studies of independent cohort validation, stool- and plasma-based CRC
detection, as well as in the evaluation of non-neoplastic mucosa for field defects, potentially
indicating increased CRC susceptibility.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ROC receiver-operator characteristic
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VSX2 visual system homeobox 2
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DOCK8 dedicator of cytokinesis 8
TMEMA42 transmembrane protein 42
NME4 non-metastatic cells 4
TTLL12 tubulin tyrosine ligase-like family, member 12
Cl confidence interval
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Figure 1.
Study outline.
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neoplastic colonic mucosal tissues (ACs, 8 young control NCs, 26 control NCs, and 19
CRC-NCs). Y-axisrepresents PMR value. Data on 11 loci that demonstrated methylation in
at least one of the neoplastic tissues are shown. Median (bar), 25-75 percentile range (box),
and 10-90 percentile range (whisker) of all informative specimens are displayed for each
tissue category. Single-, double-, and tripleasterisks indicate significant difference from

control NCs at p-level <.05 <.01, and <1E-6, respectively.
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Figure 3. The ROC curve-based assessment of methylation markers’ diagnostic accuracy

A. The ROC curves representing the distinction of CRCs from control NC are shown for the
seven loci demonstrating AUROC values >0.8. Mean and 95%CI of AUROC as well as p-
value are shown in each panel. B. The ROC curves based on the multi-loci diagnostic panels
are shown for the distinction of CRCs from control NCs. Gray solid line, and black solid
line correspond to the profiles for the best single locus (AL X3) and the multi-locus panels
(ALX3, ZNF583, miR34b, and VSX2), respectively.
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