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Abstract
The diagnosis of sessile serrated adenomas (SSAs) is challenging, and there is a great deal of
interobserver variability amongst pathologists in differentiating SSAs from hyperplastic polyps
(HPPs). The aim of this study was (i) to assess the utility of epigenetic changes such as DNA
methylation in differentiating SSAs from HPPs and (ii) to identify common methylation based
molecular markers potentially useful for early detection of premalignant neoplastic lesions of
gastrointestinal tract. A total of 97 primary patient adenoma samples were obtained from The
Johns Hopkins Hospital pathology archive with IRB approval and HIPAA compliance. We
analyzed the promoter associated CpG island methylation status of 17 genes using nested
multiplex methylation specific PCR (MSP). Methylation of CDX2, hMLH1 and TLR2 was
detected in SSAs and SSAs with dysplasia but not in HPPs. A subset of genes including EVL,
GATAs (4 and 5), HIN-1, SFRPs (1, 2, 4 and 5), SOX17 and SYNE1 were methylated frequently
in all premalignant gastrointestinal adenomas including tubular adenomas, villous adenomas,
SSAs and SSAs with dysplasia but infrequently in non-premalignant polyps such as HPPs.
Methylation of CDX2, hMLH1 and TLR2 may be of diagnostic utility in differentiating,
histologically challenging cases of SSAs from HPPs. Genes such as EVL, GATAs, HIN-1, SFRPs,
SOX17 and SYNE1, which are frequently methylated in all types of tested premalignant
adenomas, may be useful as biomarkers in stool-based strategies for early detection of these
adenomas and CRCs in future.
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Sporadic colorectal cancers (CRCs) are thought to arise through the classical adenoma-
carcinoma sequence (in approximately two-thirds of the cases), where classical adenomas
[tubular adenomas (TAs) and villous adenomas, (VAs)] progress to invasive carcinomas
through a series of genetic and epigenetic alterations including APC and KRAS
mutations.1,2 Conversely, other polyps such as hyperplastic polyps (HPPs) are generally
regarded as non-neoplastic. Recently, several types of serrated lesions have also been
recognized as additional premalignant lesions of the gastrointestinal tract, which may
progress to malignancy albeit through a different pathway, commonly known as serrated
pathway.3,4

“Serrated adenomas” were first identified by Longacre and Fenoglio-Preiser in 1990, as
lesions, which share some morphologic features with both premalignant lesions such as
classical adenomas (TAs and VAs) and non-premalignant lesions such as HPPs.5 These
lesions (“serrated adenomas”) exhibit cytologic dysplasia reminiscent of classical adenomas
and a serrated architecture resembling HPPs.5 Because of these overlapping morphological
features, they were previously categorized with either VAs6 or HPPs.7

The initial class of “serrated adenomas” as defined by Longacre and Fenoglio-Preiser was
heterogenous and included a variety of lesions including sessile serrated adenomas (SSAs),
mixed “TA-HPPs” and conventional APC-related tubular or tubulovillous adenoma with a
serrated configuration.8 In 2003, Torlakovic et al. and later in 2005, Snover et al. further
refined the criteria and proposed the subclassification of colorectal serrated polyps into
HPPs, SSAs (serrated lesions with architecturally distorted crypts and lack of conventional
cytologic dysplasia) and so called “traditional” serrated adenomas (TSAs, serrated lesions
with adenomatous cytological features).9,10 Most of the easily identifiable lesions originally
defined by Longacre and Fenoglio-Preiser that have an adenomatous change fall into the
category of TSAs.8 Recent studies have shown that “serrated adenomas” (which is now an
older term and includes a variety of serrated lesions) may harbor genetic alterations
including mutations in BRAF, KRAS or TGFβRII.11 In addition, these lesions also
demonstrate hypermethylation of hMLH112–15 and MGMT16 along with microsatellite
instability (MSI)12 and may be associated with subsequent malignancy.17 However, unlike
classical adenomas, these “serrated adenomas” lack genetic alterations in APC and β-catenin
(CTNNB1).18–20 The association with BRAF mutations, hMLH1 methylation, risk of
subsequent malignancy and lack of APC/β-catenin mutations have led to the proposition of a
novel serrated pathway3 to carcinogenesis, which is thought to be distinct from the classical
adenoma-carcinoma1 pathway.

SSAs pose a diagnostic challenge as they lack conventional adenomatous changes as seen in
TSAs and, therefore, more closely resemble HPPs. This makes the distinction between SSAs
and HPPs difficult and contingent upon the architectural differences; which has led to a
great deal of interobserver variability in the diagnosis of these lesions amongst
pathologists.21 Recent evidence suggests that SSAs may account for the so called “HPPs,”
which grow to a large size, are located on the right side and may evolve into microsatellite
unstable CRC.9,22,23 Because of their malignant potential, some authorities now recommend
that SSAs should be managed in the same fashion as classical adenomas. The success of
such a strategy, however, depends on the ability to correctly diagnose SSAs by the
pathologists. In the absence of accurate diagnostic tools, HPPs may be misclassified as
SSAs, and these patients will unnecessarily be subjected to enhanced surveillance.
Conversely, some people with SSAs mislabeled as HPPs may develop carcinomas that could
have been potentially prevented by correct initial pathologic diagnosis. Therefore, there is a
need for objective markers to supplement pathology to aid in correct diagnosis of these
lesions and to allow for more effective CRC screening and surveillance.
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DNA methylation induced silencing of cancer-related genes is an early and frequent event in
CRC.2 A subset of colon cancers have a high number of hypermethylated genes, and this
hypermethylator CpG island methylation phenotype (CIMP) may also be associated with a
unique disease pathology and prognosis (CIMP).24–26 CIMP tumors are characterized by
presentation in patients at older age, female sex, predilection for proximal colon, mucinous
or poor differentiation and MSI and BRAF mutations.24,27,28 SSAs have also been
suggested as the precursors of these CIMP tumors in the colon.3,13,17,22,27,29 However, most
of the initial studies that reported a high level of CpG island methylation in “serrated
adenomas” either did not use the refined criteria as proposed by Torlakovic et al. in 2003 or
were based on lesions that mostly fit into the category of TSAs.14,16 Additionally, most
studies have used a limited panel of 3–5 loci of methylation markers.15,29 However, Wynter
et al.30 and Yang et al.11 did recognize the increased frequency of methylation in SSAs and
used the recent histopathologic classification criteria proposed by Torlakovic et al.10 Wynter
et al.30 confirmed the occurrence of either BRAF or KRAS mutations as an early event in
serrated pathway and also suggested that epigenetic phenomenon may play an important role
in promoting progression from HPPs to advanced serrated lesions. Yang et al.11 also
recognized CIMP-high status, hMLH1 methylation and absence of KRAS mutation in SSAs
and advanced serrated lesions with dysplasia. SSAs with dysplasia, also known as admixed
polyp, mixed hyperplastic/conventional adenomas or mixed SSAs-TAs, may represent a
further advanced lesion in the serrated pathway as they occur frequently in the vicinity of
right sided carcinomas and serrated adenocarcinomas.4 However, methylation changes in
these mixed lesions have not been studied extensively yet.

Previous studies have suggested that epigenetic alterations may contribute to the malignant
potential of SSAs.11,30 We hypothesized that epigenetic differences between HPPs and
SSAs may contribute to the malignant potential of SSAs and such epigenetic signatures
could also be potentially useful for diagnostic purposes to differentiate SSAs from HPPs.
Moreover, the data on CpG island methylation status of genes in advanced lesions, which
harbor a noninvasive malignancy such as SSAs with dysplasia, are limited, and it is still not
clear whether these lesions epigenetically resemble SSAs or classical adenomas. These
lesions are also important to investigate as they may be the immediate precursor of serrated
carcinoma and may provide further insight into the pathogenetic mechanisms leading to
serrated carcinogenesis.4,31 In this study using a panel of 17 genes, we demonstrate that the
frequency of gene methylation increases progressively from HPPs to SSAs to SSAs with
dysplasia. This study also highlights some important similarities between SSAs, the key
lesions of the serrated neoplasia pathway and classical colorectal adenomas (TAs and VAs)
which represent the classical adenoma-carcinoma pathway and delineates a subset of genes
which are frequently methylated in these lesions and may be useful for early detection of
CRC. Finally, we show that WNT signaling pathway, which is known to be frequently
dysregulated in classical adenomas, is also being dysregulated in SSAs, a phenomenon
which could partly be explained by epigenetic mechanisms.

Material and Methods
Adenoma samples

A total of 97 primary patient adenoma samples (from 94 patients) were analyzed including
18 TAs, 22 VAs (including 2 tubulovillous adenomas), 29 SSAs, 19 SSAs with dysplasia
and 9 HPPs. Formalin-fixed and paraffin-embedded slides were obtained from the pathology
archives of The Johns Hopkins Hospital. The study was conducted in accordance with all
rules and regulations of The Johns Hopkins University Institutional Review Board and
HIPAA compliance. All samples were first reviewed by an expert gastrointestinal
pathologist and were selected based on the following diagnostic criteria and availability of
tissue. Criteria proposed by Torlakovic et al. were used to diagnose SSAs, SSAs with
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dysplasia and HPPs. Standard criteria were used to diagnose TAs and VAs. SSAs were
identified based on features of prominent basilar crypt dilation, abundant intracellular and
extracellular mucin, dystrophic goblet cells and abnormal proliferation. HPPs (all
microvesicular type) were identified based on the features of thickened surface basal
membrane, thickening and extension of the muscularis mucosae, presence of Kulchitsky
(endocrine) cells and decreased overall architectural distortion. Polyps with mixed features
of SSAs and HPPs were included in the SSA category. Dysplasia in SSAs was recognized as
classical epithelial changes of increased nuclear to cytoplasmic ratio, nuclear crowding, loss
of apical mucin and prominence of mitotic figures.

CRC cell lines
Four human CRC cell lines were used including HCT116, HT29, RKO and DKO. The cell
lines were purchased from American Type Culture Collection (Manassas, VA) and
cultivated and maintained in the appropriate media.

Methylation analysis
Because the aim of this study was to identify genes that could help differentiate HPPs and
SSAs and to find differences and similarities between classical adenomas and adenomas of
ser-rated pathway, a panel of 17 genes was selected. These genes are involved in a number
of different pathways relevant to colorectal carcinogenesis including WNT signaling, gut
embryogenesis, cell cycle regulation, mismatch repair, DNA damage repair, cell structure
and signal transduction (Table 1). Moreover, all these genes have previously been shown to
be methylated in CRC by either a conventional candidate gene approach [APC1A,
CDKN2A/P16, CDX2, hMLH1, MGMT, SFRP1-5, GATA4-5 and HIN-1]32–37 or recently
identified by genome-wide high throughput strategies as being frequently hypermethylated
in CRC (EVL, RAB32, SOX17, SYNE1 and TLR2).38,39 As these genes are frequently
methylated in CRC, we further tested their methylation status in TAs, VAs, SSAs, SSAs
with dysplasia and HPPs.

Primer sequences were either previously published or designed by authors.40 DNA was
extracted following a standard extraction protocol. Bisulfite modification was done using the
EZ DNA methylation Kit™ (Zymo Research) as per manufacturer's instructions.
Methylation specific PCR was used for methylation analysis.41 A nested multiplex strategy
was utilized, as previously described.42 This strategy was chosen to overcome the limitation
of small amount of DNA available from adenomas and comparatively larger amount of
DNA required for methylation analysis of 17 genes. Genes were divided into 3–4 panels
consisting of 3–6 genes and verified initially using cell lines. These panels were:

Panel 1 → APC1A, CDX2, SFRP1, SFRP2, SFRP4 and SFRP5

Panel 2 → CDKN2A/P16, hMLH1, MGMT

Panel 3 → HIN-1, GATA4 and GATA5

Panel 4 → EVL, RAB32, TLR2, SOX17 and SYNE1

Annealing temperatures were standardized for each panel to obtain optimum product
intensity. In the first stage, external primers located in the flanking region were used to
amplify the DNA sequences of interest for 35 cycles. Each multiplex PCR was carried out in
a volume of 25 μl with 1μl of JumpStart Red Taq DNA polymerase (Sigma, St. Louis, MO),
10 pmol of each external primer and 4 μl of bisulfite modified DNA. PCR conditions
included an initial denaturation at 95°C for 5 min followed by 35 cycles of (95°C × 30 sec,
annealing temp × 30 sec, 72°C × 30 sec) final elongation at 72°C for 5 min. In the and
second stage, 1:500–1:1,000 dilutions of first stage products were used and reamplified for
30 cycles using an internal primer set. Except for the annealing temperatures and cycle
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number, PCR cycling conditions were the same for first and second stages. Annealing
temperatures and primer sequences are summarized in Supporting Information Table 1. In
vitro methylated DNA (IVD) was used as a positive control for PCR. IVD was created by
treating lymphocytes from a healthy volunteer with SssI methylase (New England Biolabs,
Ipswich, MA) as directed by the manufacturer. DKO, which is a Double Knockout
derivative of the CRC cell line HCT116 with knockout of the major DNA
methyltransferases (DNMT1–/– and DNMT3b–/–), was used as an additional negative
control. It lacks methylation at 95% of the known CpG sites.43 Amplification products (8 μl
of 25 μl total volume) were separated using electrophoresis on 2.5% agarose gels, stained
with GelStar™, a Nucleic Acid Gel Stain (Cambrex Bio Science), illuminated with UV light
and photographed.

BRAF and KRAS mutational analysis
Sequencing for BRAF and KRAS were performed as described by Yachida et al.44 Regions
of serrated epithelium and adenomatous epithelium from unstained sections were dissected
from unstained 10-μ-thick sections. Genomic DNA was extracted from each sample by
phenol-chloroform, and 20 ng was used for PCR amplification of KRAS2 exon 2 and BRAF
exon 15 using intronic primers flanking these exons. PCR products were sequenced in both
directions by use of a M13F primer (5′-GTAAAACGACGGCCAGT-3′) and a M13R
primer (5′-CAGGAAACAGCTATGACC-3′) that were incorporated into the forward and
reverse primer of each primer pair, respectively (Agencourt Bioscience Corporation,
Beverly, MA). Sequence data were analyzed using Sequencher™ 4.8 software (Gene Codes,
Ann Arbor, MI). Verification of all mutations was accomplished by bidirectional sequencing
of a second PCR product derived independently from the original template.

Immunohistochemical staining
Immunohistochemical labeling was performed using standard methods. Unstained 5-μm
sections were cut from paraffin blocks, and the slides were deparaffinized by routine
techniques followed by incubation in 1× sodium citrate buffer (diluted from 10× heat-
induced epitope retrieval buffer Ventana-Bio Tek Solutions, Tucson, AZ) before steaming
for 20 min in 80°C. Slides were cooled for 5 min and incubated with β-catenin (monoclonal
antibody, catalog No. 610154, 1:1000 dilution; Transduction Laboratories, Lexington, KY)
using a Bio Tek TechMate 1000 automated stainer (Ventana-Bio Tek Solutions).
Immunolabeling was detected per kit instructions (Ventana IVIEW Detection Kits, catalog
No. 750091). β-catenin labeling was evaluated with respect to membranous and/or nuclear
localization, and the location of nuclear labeling (if present). For example, membranous
labeling was always considered normal, as was nuclear labeling confined to the crypt bases
where the stem cell compartment normally resides (described in detail by Wu et al).45 By
contrast, we considered β-catenin labeling as abnormal if nuclear labeling was accompanied
by a loss of membranous labeling and was seen outside the crypt bases where the β-catenin
positive progenitor population normally resides.

Statistical analysis
Categorical variables were analyzed using Chi square tests, whereas continuous variables
were analyzed by the Student's t test, assuming unequal variances or ANOVA (analysis of
variance) if more than two categories were compared. p values of less than 0.05 were
considered significant. Chi square trend test was used while comparing the methylation
frequencies between HPPs, SSAs and SSAs with dysplasia assuming that there is a
progressive increase in risk of malignancy from HPPs to SSAs to SSAs with dysplasia.
Methylation index was calculated for each sample using the formula—(Number of genes
methylated)/(Number of genes tested) × 100. The means for each adenoma type were then
compared. Correlation coefficient (Spearman's rank correlation coefficient) was used to find
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correlation between nuclear β-catenin staining and WNT signaling pathway gene
methylation. All statistical analysis was performed using the STATA 9.2 software package
(College Station, TX). Unsupervised hierarchical clustering was performed for gene
methylation frequencies in specified subtypes. The heat map was produced with R statistical
software using euclidean distances and Ward's algorithm.

Results
Clinicopathologic data

Summary of the clinicopathologic information on the different adenoma types is presented
in Table 2. There were no significant differences in the sex distribution across the different
adenoma subtypes; however, significant differences were seen with respect to age, side and
size distribution. SSAs, SSAs with dysplasia and HPPs were from relatively younger
patients when compared with TAs and VAs (anova, p value < 0.001). TAs, SSAs and SSAs
with dysplasia were predominantly right sided, whereas VAs and HPPs were predominantly
left sided (chi2, p value < 0.001). VAs were relatively larger in size when compared with
other adenomas. There was no significant difference in the incidence of synchronous polyps
at the time of colonoscopy across different adenoma types (chi2, p value = 0.287). These
findings may reflect a selection bias due to retrospective nature of the study, as the lesions
were selected based on their morphology rather than clinical characteristics.

Methylation frequencies of all the genes in different adenoma types are summarized in Table
3. A total of 95% of the methylation specific PCR reactions amplified successfully.

Methylation analysis of SSAs, SSAs with dysplasia and HPPs
There is a progressive increase in the mean methylation index from HPPs to SSAs to SSAs
with dysplasia (Mean methylation index ± standard deviation HPPs 30.7 ± 16.0%, SSAs =
67.1 ± 19.6%, SSAs with dysplasia = 79.1 ± 25.1%, anova p value < 0.001) as is between
TAs and VAs (Mean methylation index TAs = 58.2 ± 25.3% vs. VAs = 71.7 6 ± 17.4%, t
test p value 0.052). Interestingly, methylation of CDX2, hMLH1 and TLR2 was seen in
SSAs and SSAs with dysplasia but not in HPP. There is also a progressive and significant
increase in the methylation frequencies for 13 of the 17 genes tested from HPPs to SSAs to
SSAs with dysplasia (Table 3 Trend test: CDX2 p value = < 0.001, SFRP1 p value = 0.001,
SFRP2 p value = 0.022, SFRP5 p value = 0.021, CDKN2A/P16 p value = 0.019, hMLH1 p
value < 0.001, MGMT p value = 0.044, HIN-1 p value = 0.014, GATA5 p value = 0.010,
EVL p value = 0.005, TLR2 p value < 0.001, SOX17 p value < 0.001, SYNE1 p value =
0.005). For the remaining four genes, namely APC1A, SFRP4, GATA4 and RAB32,
although there is also an increase in methylation frequency from HPPs to SSAs to SSAs
with dysplasia, the trend test is not statistically significant.

Gene clustering analysis
Figure 1 illustrates the unsupervised clustering analysis of tested genes and polyp types
based on the methylation frequencies of these genes. Unsupervised clustering analysis
revealed broadly three gene clusters. Cluster 1 includes genes with highest frequency of
methylation in SSAs and SSAs with dysplasia including hMLH1, CDX2, TLR2 and
CDKN2A/P16. Cluster 2 includes genes with highest frequency of methylation in TAs and
VAs including, RAB32, MGMT. and APC1A. Cluster 3 includes genes with uniformly high
frequency of methylation in all premalignant adenomas including TAs, VAs, SSAs and
SSAs with dysplasia. These genes include EVL, GATAs (GATA4 and 5), HIN-1, SFRPs
(SFRP1, 2, 4 and 5), SOX17 and SYNE1. Additionally, clustering reveals three subclusters
of adenomas including serrated adenoma cluster (SSAs and SSAs with dysplasia) and
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classical adenoma cluster (TAs and VAs). Interestingly, HPPs cluster separately from these
two clusters.

BRAF and KRAS2 mutations in SSAs
The SSA samples were assayed for commonly occurring mutations in BRAF and KRAS2.
Nine of sixteen SSAs were found to be positive for BRAF mutations (codon V600E). Three
SSAs were wild type and four samples failed to amplify. BRAF mutations were thus seen in
75% of informative SSA cases (9/12). For KRAS2, mutations were assayed in exon 2
codons 12 and 13, and exon 3 codon 61. For KRAS2 exon 2, codons 12 and 13 mutations,
15 SSAs were found to be wild type while one failed to amplify. For exon 2 codon 61
mutations, eight samples were found to be wild type and rest failed to amplify.

Immunolabeling patterns for β-catenin and methylation of WNT signaling genes in SSAs,
SSAs with dysplasia and HPPs

β-catenin staining was performed in 36 samples including ten SSAs, 17 SSAs with dysplasia
and nine HPPs. All nine HPPs showed positive membranous staining for β-catenin.
Interestingly, six of the ten SSAs (60%) showed positive nuclear staining for β-catenin, and
the remaining four showed weak membranous labeling. Surprisingly, nuclear staining for β-
catenin was found to be positive in all 17 of the SSAs with dysplasia (100%). We further
correlated the nuclear labeling of β-catenin with methylation status of WNT signaling
pathway genes including APC1A, SFRPs (1,2,4 and 5) and SOX17 in SSAs, SSAs with
dysplasia and HPPs. Methylation of SFRPs (1, 2 and 5 ) and SOX17 was found to
significantly correlate with nuclear labeling of β-catenin. SOX17 showed the strongest
correlation (correlation coefficient 0.73 p value < 0.0001). Table 4 summarizes the
correlation between nuclear labeling of β-catenin and methylation status of WNT signaling
pathway genes.

Discussion
Our study demonstrates for the first time methylation of EVL, RAB32, SOX17, TLR2 and
CDX2 in TAs, VAs, SSAs and SSAs with dysplasia. There is a progressive increase in mean
methylation index from HPPs to SSAs to SSAs with dysplasia, and we show that there is
increase in methylation between TA and VA concordant with their increasing malignant
potential. Interestingly, methylation of CDX2, hMLH1 and TLR2 is seen in SSAs and SSAs
with dysplasia but not in HPPs. These results are also consistent with other studies, which
have shown downregulation of CDX2 and hMLH1 in SSAs.10,45,46

SSAs are critical to diagnose as these are the lesions which tend to occur at the margins of
small carcinomas and are more closely associated with the development of microsatellite
unstable cancers.8 Recently, it has been recommended that these lesions should be managed
in the same way as classical adenomas.9 However, as previously noted, there is a great deal
of interobserver variability in the pathological diagnosis of these lesions.21 In such
circumstances, some people with HPPs labeled as SSAs may undergo unnecessary enhanced
surveillance, whereas others who have SSAs mis-diagnosed as HPPs may develop a
subsequent malignancy, which could have been prevented by enhanced surveillance and
proper management. These genes including CDX2, hMLH1 and TLR2 that are methylated
exclusively in SSAs with or without dysplasia and not in HPPs could be of potential
diagnostic utility in those cases in which it is difficult to differentiate SSAs from HPPs.
These findings, if validated in larger prospective studies may provide a means to correctly
stratify patients for proper clinical management in the future. Although, histology will
remain the gold standard to diagnose these lesions as it is universally available, methylation
studies may, however, be used in a subset of cases that are challenging to diagnose
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histologically. At this time, the use of methylation strategies to differentiate SSAs from
HPPs may appear to be expensive and may be more useful for research purposes, but in
future as the technology advances, it may become more practical and cost effective.
Although the increasing amount of methylation in HPPs, SSAs and SSAs with dysplasia
may be interpreted as “progression,” it may also occur independently. Whether methylation
increases in the same lesion over time will require further investigation.

Clustering analysis revealed three clusters of genes including genes with highest levels of
methylation in SSAs and SSAs with dysplasia (Cluster 1), genes with highest levels of
methylation in classical adenomas (TAs and VAs) (Cluster 2) and genes with high levels of
methylation in all premalignant adenomas TAs, VAs, SSAs and SSAs with dysplasia
(Cluster 3). Cluster 3 genes may potentially have important clinical and functional
implications because these genes show high levels of methylation in all tested premalignant
adenomas including TAs, VAs, SSAs and SSAs with dysplasia but are unmethylated or have
low frequency of methylation in HPPs. These genes may be good candidates for
investigation as biomarkers for early detection of CRC in stool-based DNA methylation
assays. Jass et al. and Lazarus et al. have also proposed that SSAs may grow into subsequent
adenocarcinoma more rapidly at least in some patients.3,17 This has led to the idea that rapid
transformation of SSAs may be responsible for the so called interval tumor phenomenon,
where a large right-sided adenocarcinoma is identified in a region that appeared lesion free
at the colonoscopy performed in the preceding 1 or 2 years. In such a scenario, a stool-based
assay, which could potentially be performed more frequently than colonoscopy, may be
useful, and the cluster 3 genes will be good candidates for investigation in such a study. One
such study has already shown the utility of methylation of SFRP1, which is also enlisted in
our cluster 3 genes, in early detection of cancer.47 However, further investigation will be
required to illustrate clinical utility of other markers for such assays.

Functionally, cluster 3 genes highlight the fact that the two pathways of colorectal
carcinogenesis, namely the classical adenoma carcinoma pathway and the serrated neoplasia
pathway, may share some features rather than being mutually exclusive. Perhaps, common
methylation of cluster 3 genes may be one such feature, and this could also be exploited in
various screening strategies. Cluster analysis further suggested that many of the cluster 3
genes belonged to the WNT signaling pathway genes including SFRP1, SFRP2, SFRP4,
SFRP5 and SOX17. This prompted us to further investigate the functional consequences of
such epigenetic changes in SSAs. We correlated the methylation status of these genes with
nuclear labeling of β-catenin, which was used as readout for WNT signaling activation.
Surprisingly, a fairly strong correlation was seen between nuclear labeling of β-catenin and
methylation of WNT signaling pathway genes in SSAs and SSAs with dysplasia. Our results
are consistent with those of Wu et al., who recently reported increased nuclear labeling of β-
catenin in SSAs. Conversely, some of the previous reports that failed to identify β-catenin
mutations in serrated adenomas used the criteria proposed by Fenoglio-Preiser and the
lesions tested by them more closely resembled TSAs. We, therefore suggest that as a result
our findings are not directly comparable with theirs.20 Given the fact that the correlation
between nuclear labeling of β-catenin and methylation of WNT signaling pathway genes is
not perfectly concordant, WNT signaling dysregulation in SSAs may also be due to other
mechanisms as suggested by Sawyer et al.18 This may also mean contribution by
methylation of some of the other genes which were not analyzed in this study. However,
ours is the first study to suggest that DNA methylation may lead to dysregulation of WNT
signaling in SSAs and SSAs with dysplasia.

Another interesting finding of this study is the description of epigenetic changes in SSAs
with dysplasia. These are have also been termed “mixed SSAs-TAs” and have
morphological features of both the lesions. Our data suggest that these lesions show highest
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levels of methylation for most of the tested genes and may be the true hypermethylator
polyps of the colon. These lesions could be the next step in the progression of SSAs to
carcinoma which is similar to the suggestions made by Makinen et al.4 However, it remains
to be elucidated whether such a progression occurs in each individual SSA.

BRAF and KRAS2 sequencing was done only in a subset of SSAs. BRAF mutations were
found in 75% of the informative samples, while all the tested lesions were wild type for
KRAS2. This is consistent with the fact that BRAF and KRAS mutations are mutually
exclusive.48 As most of our tested lesions were positive for BRAF, KRAS mutations might
be underrepresented in these lesions. The serrated pathway is also believed to follow two
routes; one identified by BRAF and other by KRAS mutations.49 Our results may be more
representative of the first serrated pathway which predominantly shows BRAF mutations.
The pathway involving KRAS mutations is thought to more commonly involve TSAs.4

These observations of others may explain lack of KRAS mutations in SSAs tested in our
study.

There were several limitations to this study. These include lack of immunohistochemical
data for all the genes to show their downregulation in these lesions. Moreover, TSAs, which
may represent another premalignant lesion in the serrated pathway, were not analyzed in this
study. Additionally, the number of HPPs analyzed in this study was small (n 9). TSAs with
conventional dysplasia can be difficult to differentiate from VAs and concerns may be raised
that MGMT methylated cases could potentially be TSAs with conventional dysplasia.
Because all our lesions were reviewed by an expert gastrointestinal pathologist, the
possibility of any such occurrence although plausible is felt to be remote.

In conclusion, our data suggest that there is a progressive increase in methylation
frequencies of genes from HPPs to SSAs to SSAs with dysplasia. Methylation of CDX2,
hMLH1 and TLR2, which is seen frequently in SSAs and SSAs with dysplasia but not in
HPPs, may have diagnostic utility to differentiate SSAs from HPPs. The classical adenoma
carcinoma pathway and serrated neoplasia pathway may share some common features
especially dysregulation of WNT signaling. WNT signaling dysregulation in SSAs and
SSAs with dysplasia may be explained by epigenetic mechanisms such as DNA methylation
of WNT signaling pathway genes. Common epigenetic abnormalities in all the premalignant
polyps of the colorectum may be exploited to devise stool-based DNA methylation assays in
future.
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Figure 1.
Unsupervised clustering analysis of methylation frequencies of tested genes against different
adenoma types (SSAs-Sessile serrated adenomas, TA-Tubular adenomas, VA-Villous
adenomas, HPP-Hyperplastic polyps. Numbers 1, 2 and 3 refer to the genes belonging to
cluster 1 (hMLH1, CDX2, TLR2 and CDKN2A), cluster 2 (RAB32, MGMT and APC1A,)
and cluster 3 (GATA4, SOX17, SFRP1, SFRP5, SFRP4, SFRP2, GATA5, HIN-1, SYNE1
and EVL). Cluster 1 genes are methylated at highest frequency in sessile serrated adenomas
(SSAs) and sessile serrated adenomas with dysplasia (SSAs with Dysplasia). Genes such as
hMLH1, CDX2 and TLR2 which are methylated in SSAs and SSAs with dysplasia but not
in HPPs may have diagnostic utility in pathologically challenging cases of SSAs and HPPs.
Cluster 2 genes are methylated at highest frequency in tubular adenomas (TAs) and villous
adenomas (VAs). Cluster 3 genes are methylated at high levels in all categories of adenomas
including SSAs, SSAs with dysplasia, TAs and VAs. All genes are infrequently methylated
in HPPs.
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Table 1

Summary of gene names and pathways

Pathways Genes investigated

WNT signaling Pathway APC1A (Adenomatosis Polyposis Coli), SFRP1 (Secretory Frizzled Receptor Protein), SFRP2, SFRP4, SFRP5,
SOX17 (SRY-related HMG-box transcription factor)

Gut embyogenesis GATA4 (GATA binding protein), GATA5, CDX2 (Caudal type homeobox)

Cell cycle regulation CDKN2A/P16 (cyclin dependent kinase inhibitor), HIN-1 (high in normal) and RAB32 (Ras related protein rab32)

Mismatch repair hMLH1 (Human mutL homologue)

DNA damage repair MGMT (O6-methylguanine-DNA methyltransferase)

Signal transduction EVL (Ena/Vasp like protein) and TLR2 (Toll like receptor2)

Cytoskeletal protein SYNE1 (Spectrin repeat containing, nuclear envelope 1)
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Table 4

Correlation between nuclear labeling of β-catenin and methylation of WNT signaling pathway genes in tested
samples of HPPs (N = 9), SSAs (N = 10) and SSAs with dysplasia (N = 17)

Gene Spearman coefficient p value

APC1A 0.29 0.1285

SFRP1 0.67
0.0002

*

SFRP2 0.41
0.0357

*

SFRP4 0.13 0.5017

SFRP5 0.4497
0.0275

*

SOX17 0.7372
<0.0001

*

*
SFRP1, SFRP2 and SFRP5 show a weak positive (>0.4) correlation, whereas SOX17 shows a strong positive (>0.7) correlation with nuclear β

catenin staining.
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