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Serrated polyposis syndrome (SPS) is associated with a high risk for colorectal cancer. Intense promoter
hypermethylation is a frequent molecular finding in the serrated pathway and may be present in normal
mucosa, predisposing to the formation of serrated lesions. To identify novel biomarkers for SPS, fresh-
frozen samples of normal mucosa from 50 patients with SPS and 19 healthy individuals were analyzed by
using the 850K BeadChip Technology (Infinium). Aberrant methylation levels were correlated with gene
expression using a next-generation transcriptome profiling tool. Two validation steps were performed on
independent cohorts: first, on formalin-fixed, paraffin-embedded tissue of the normal mucosa; and sec-
ond, on 24 serrated lesions. The most frequently hypermethylated genes were HLA-F, SLFN12, HLA-DMA,
and RARRES3; and the most frequently hypomethylated genes were PIWIL1 and ANK3 (Db Z 10%;
P < 0.05). Expression levels of HLA-F, SLFN12, and HLA-DMA were significantly different between SPS
patients and healthy individuals and correlated well with the methylation status of the corresponding
differentially methylated region (fold change,>20%; r> 0.55; P< 0.001). Significant hypermethylation
of CpGs in the gene body of HLA-F was also found in serrated lesions (Db Z 23%; false discovery
rate Z 0.01). Epigenome-wide methylation profiling has revealed numerous differentially methylated
CpGs in normal mucosa from SPS patients. Significant hypermethylation of HLA-F is a novel biomarker
candidate for SPS. (J Mol Diagn 2022, 24: 674e686; https://doi.org/10.1016/j.jmoldx.2022.03.010)
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DNA Methylation Profiling of SPS
Serrated polyposis syndrome (SPS) is characterized by the
presence of multiple and/or large serrated polyps along the
colorectum. According to the 2019 updated World Health
Organization definition, at least one of the following two
criteria need to be fulfilled to establish the diagnosis of SPS:
at least five serrated polyps proximal to the rectum, of which
at least two are �10 mm; and >20 serrated polyps of any
size along the colon, of which at least five are located
proximal to the rectum.1 Serrated polyposis syndrome is
currently perceived as a highly relevant disease because of
three reasons: first, with increasingly implemented colo-
rectal cancer (CRC) screening programs, the prevalence of
SPS seems to be much higher than previously assumed
(approximately 1 in 200 screening colonoscopies in fecal
occult blood test screening programs)2; second, given their
morphologic characteristics (pale, small, flat, and often
covered by mucus), serrated lesions are often missed and the
prevalence of SPS is likely even higher than the actual re-
ported3; and, third, SPS has been associated with a higher
risk for developing CRC and therefore surveillance pro-
grams need to be implemented.4e6

In addition to the long-known adenoma-carcinoma
sequence, around 10% to 15% of all sporadic CRCs are
believed to arise from the serrated pathway, with the
serrated lesion as their precursor.7,8 However, the enormous
phenotypic, genomic, and epigenomic heterogeneity of
serrated lesions is posing a challenge in sorting out the
underlying molecular mechanisms, which are still widely
unknown. In this sense, the serrated pathway can arise from
hyperplastic polyps (HPs), sessile serrated lesions (SSLs),
and traditional serrated adenomas, and all show different
morphologic characteristics and molecular features. In
addition, some SSLs might progress to serrated adenocar-
cinoma, whereas others develop as conventional CRC with
histologic and molecular features of microsatellite instability
high cancers.9 Nonetheless, one common histologic feature
of all the subtypes is the saw-tooth shape of the crypt base,
which is believed to arise from altered apoptotic path-
ways.10,11 Serrated polyposis syndrome has been associated
with hypermethylation of multiple gene promoters. In a
study published in 2006, Minoo et al12 analyzed the DNA
methylation at promoters of 14 markers and found a higher
methylation level in patients with SPS compared with those
with serrated lesions but without fulfilling criteria for SPS.
More important, these differences were even more evident
when normal mucosa was analyzed.12 More recent studies
have shown that, compared with conventional adenomas,
SSLs show more hypermethylation, particularly in CpG
islands and shores.13 In addition, an important fraction of
serrated CRCs present the so-called CpG island methylator
phenotype (CIMP), and this is associated to various mo-
lecular features and risk factors, including BRAF mutation,
microsatellite instability, proximal tumor site, female sex,
older age, and smoking.14 Another frequent finding of
sporadic CRCs, overlapping with the serrated pathway, is
the presence of microsatellite instability secondary to MLH1
The Journal of Molecular Diagnostics - jmdjournal.org
promoter hypermethylation.12 A third molecular mechanism
hypothesized to initiate the serrated pathway is based on
activating mutations in the mitogen-activated protein kinase
pathway. Particularly, BRAF mutations have been associ-
ated with a high level of promoter methylation and MLH1
silencing.15,16

The observation that patients with a history of colorectal
polyps or cancer are more likely to develop metachronous
lesions than those without such previous lesions has led to
the field cancerization (or field defect) hypothesis.17,18 Thus
far, some genetic and epigenetic alterations have been
identified that arise in the colonic epithelium in a patchy
way (fields) and predispose to the formation of polyps and
eventually cancer, yet the mucosa appears macroscopically
and microscopically normal.19 This has become particularly
evident for proximal serrated lesions where aberrant DNA
methylation of a specific gene panel (CIMP panel) detected
in normal mucosa was associated with the presence of
advanced proximal serrated lesions.20 From a clinical
viewpoint, it has been proposed that these aberrations in
normal mucosa could be leveraged as a tool to identify
patients early at risk for harboring or developing lesions.12

However, the clinical implications of this hypothesis
remain largely unexplored.

Intense colonoscopy surveillance for SPS is costly and
uncomfortable for patients. Besides, recent studies suggest
that the risk of developing cancer under surveillance is low
and that lower-risk patients could benefit from relaxation of
the intervals.5 To optimize patient management, it is clear
that we first need to better understand the molecular fun-
damentals of the serrated pathway to then dispose of mo-
lecular biomarkers for a better cancer risk prediction.

This study describes the methylation profile of normal
mucosa in a large cohort of SPS and identified biomarker
candidates for SPS. We also aimed to verify the field defect
hypothesis by comparing the methylation profiles found in
normal mucosa and in serrated polyp tissue.18

Materials and Methods

Study Design

This study consisted of four phases (Figure 1). In the
exploratory phase, a genome-wide methylation analysis was
performed using the 850K Epic BeadChip Array (Infinium)
in fresh-frozen tissue samples of normal colon mucosa from
50 patients diagnosed with SPS and 19 individuals without
colorectal neoplasia. Because aberrant methylation has been
shown to differ along the colorectum,21 samples from the
proximal and distal colon were obtained. Proximal colon
was defined as proximal to the splenic flexure. The gene
expression was then analyzed in the same cohort and sam-
ples and the expression levels were correlated with the
methylation status of the corresponding differentially
methylated regions (DMRs). In the next step, the results in
formalin-fixed, paraffin-embedded (FFPE) tissue samples of
675
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Figure 1 Study flowchart. *From each patient, one sample from the
proximal colon and one sample from the distal colon were obtained. CRC,
colorectal cancer; DMC, differentially methylated CpG; DMR, differentially
methylated region; FFPE, formalin fixed, paraffin embedded; HP, hyper-
plastic polyp; SSL, sessile serrated lesion; SPS, serrated polyposis
syndrome.
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the normal mucosa of an independent cohort of 17 SPS
patients and 10 individuals without colorectal neoplasia
were validated. As a further validation step, genome-wide
methylation analysis was performed using the same tech-
nique to interrogate differentially methylated CpGs directly
in FFPE tissue of serrated lesions derived from another in-
dependent cohort: 6 HPs and 18 SSLs.
676
Study Population

Patients with SPS for the exploratory phase were prospec-
tively recruited between 2016 and 2018 at the High-Risk
CRC Clinic from the Hospital Clínic of Barcelona (Barce-
lona, Spain). For the validation cohort, patients were
recruited retrospectively from the same clinic attended be-
tween 2004 and 2016.
Patients included in this study fulfilled criterion I and/or

III, according to the 2010 World Health Organization
criteria: criterion I, five or more serrated polyps proximal to
the sigmoid and at least two of them measure �10 mm; and
criterion III, �20 serrated polyps of any size at any
localization.
Healthy controls with a normal colonoscopy (ie, without

any adenoma, serrated lesion, or any other lesion) in the
exploratory and validation phase derived from the CRC
screening programs at the General Hospital of Alicante and
the Hospital Clinic of Barcelona, respectively. In both cases,
they were matched for age and sex with the study cohorts.
Briefly, in these average risk, population-based screening
programs, asymptomatic residents, aged 50 to 69 years, are
identified by the community health registry and invited for
CRC screening based on fecal immunochemical testing.22 In
those with a positive result (>155 ng Hb/mL; OC-
SENSOR; Eiken Chemical Co., Taito-ku, Tokyo, Japan),
a colonoscopy is performed. In this program, patients with a
history of CRC, adenoma, inflammatory bowel disease,
family history of hereditary or familial CRC, severe co-
morbidity, or previous colectomy are excluded, because
these patients are considered high risk and may be under
different programs of surveillance or screening. Those pa-
tients with a normal colonoscopy (ie, without any pathol-
ogy) were eligible to serve as healthy controls for the
present study, and biopsies from the proximal and distal
colon were taken.
The study was conducted according to the guidelines of

the Declaration of Helsinki. Informed consent was retrieved
from all patients, and the study was approved by our local
ethics committee by February 29, 2016 (registered HCB/
2016/0099).

Tissue Samples

Fresh-Frozen Samples (Exploratory Cohort)
Fresh-frozen normal mucosa tissue samples (from the
proximal and distal colon) from patients with SPS were
obtained during the surveillance colonoscopies.1,23 After the
biopsy, samples were stored in RNAlater solution (reference
AM7021; Invitrogen, Waltham, MA) at �80�C in the
freezer at the laboratories of Institut d’Investigacions Bio-
mèdiques August Pi i Sunyer (Barcelona, Spain).

FFPE Samples (Validation Cohort)
FFPE tissue samples of normal mucosa from patients who
had previously received partial or total colectomy because
jmdjournal.org - The Journal of Molecular Diagnostics
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DNA Methylation Profiling of SPS
of SPS with (N Z 7) or without (N Z 10) CRC were ob-
tained. Samples were collected from the proximal and distal
colon. An expert pathologist (M.C.) confirmed histologi-
cally that the sample only contained normal mucosa and not
tumor or serrated lesions. The epithelial compartment
comprised about 80% to 90% of each sample and therefore
microdissection was not performed.

Tissue Samples from Serrated Lesions

Serrated polyp samples that were enrolled as a second
validation step were obtained by endoscopic mucosal
resection between 2014 and 2018. Each serrated polyp was
classified as HP and SSL to the World Health Organization
classification.

DNA and RNA Extraction

Fresh-frozen samples were disaggregated by using UFO
beads (Stainless Steel UFO Beads 3.5 mm RNAse free;
reference F7SSUFO35-RNA; Cultek, Madrid, Spain) and
the TissueLyser LT (reference 85600; Qiagen, Hilden,
Germany). Genomic DNA from the tissue samples was
extracted using the PureLink Genomic DNA MiniKit
following the manufacturer’s instructions (reference K1820-
02; Invitrogen, ThermoFisher Scientific, Waltham, MA).
Table 1 Study Population

Characteristic SPS group Healthy controls

Discovery Phase
Total, n 50 19
Age, mean (SD), years 59 (7.5) 62 (4.9)
Sex: female, n (%) 19 (38) 6 (32)
Tobacco use, n (%)
Smoker 26 (52) 4 (21)
Nonsmoker 13 (26) 3 (16)
Unknown 11 (22) 12 (63)

2010 WHO subtype, N (%) NA
I 15 (30)
III 15 (30)
I þ III 20 (40)

CRC, n (%) 4 (8) NA
Validation Phase
Total, N 17 10
Age, mean (SD), years 60 (5.0) 62 (6.4)
Sex: female, n (%) 9 (53) 6 (60)
Tobacco use, n (%)
Smoker 10 (59) 7 (70)
Nonsmoker 3 (18) 3 (30)
Unknown 4 (23) 0 (0)

2010 WHO subtype, n (%) NA
I 4 (24)
III 6 (35)
I þ III 7 (41)

CRC, n (%) 7 (41) NA

CRC, colorectal cancer; NA, not applicable; SPS, serrated polyposis syn-
drome; WHO, World Health Organization.

The Journal of Molecular Diagnostics - jmdjournal.org
The double-stranded DNA concentration was measured by a
fluorometric method (Qubit 3.0; reference Q33216; Invi-
trogen). For gene expression analysis, RNA was extracted
using the Rneasy miniKit following the manufacturer’s in-
structions (reference 74104; Qiagen). Quality and quantity
of RNA samples were measured on an automated electro-
phoresis TapeStation System Device (RNA ScreenTape
Analysis; Agilent Technologies, Santa Clara, CA). The
extracted DNA and RNA were then stored at �20�C and
�80�C, respectively, which allowed adequate preservation
of the quality of DNA and RNA for subsequent analysis of
methylation and gene expression, respectively.

Human Methylation 850K Epic BeadChip Array

Global methylome analysis was performed by using an 850K
Epic BeadChip Array (reference WG-317-1003; Illumina,
San Diego, CA). This kit targets >850,000 CpG sites on a
single-nucleotide level and covers CpGs located in CpG
islands and outside of islands (ie, in shores and opensea areas).
A CpG island is defined as a region of 500 to 2000 nucleo-
tides, of which >55% are CpGs. The shores extend around
2000 bp upstream and downstream from the islands, whereas
opensea represents areaswithCpGs not related toCpG islands
and that have a lowCpG content. On the other hand, the 850K
Epic BeadChip Array (Infinium) covers CpGs located in
promoter regions but also in gene bodies and intergenic
regions. Promoter regions of miRNAs were also covered.

In the case of the FFPE samples, the Infinium HD FFPE
DNA Restore Kit (reference WG-321-1002; Illumina) was
used previously to allow DNA recovery for the subsequent
analysis using the Infinium platform.24 Briefly, 1 mg of
DNA was treated with sodium bisulfite (EZ DNA
Methylation-Gold kit; reference D5005; Zymo Research,
Tustin, CA). Subsequently, an isothermal amplification was
performed at 37�C, followed by enzymatic fragmentation,
purification, and hybridization (all according to the manu-
facturer’s instructions).

The sets of methylation data were extracted using the
GenomeStudio software v2011.1 (Illumina). Methylation
values for individual CpG sites were obtained as b-values,
calculated as the ratio of the methylated signal intensity/the
sum of both methylated and unmethylated signals after
background subtraction. The b-values were reported as a
DNA methylation score, ranging from 0 (completely
unmethylated) to 1 (completely methylated). To correct for
the bias introduced by different bead types in the methyl-
ation array, a b-mixture quantile normalization method,
described by Teschendorff et al25 (2013), and which is
included in the R package Chip Analysis Methylation
Pipeline (ChAMP) for Infinium Illumina EPIC chips was
used.26 The batch effect was corrected by using the open-
source Bioconductor package ChAMP version 2.8.9 with
default parameters.27 This R package also generates the
gene set enrichment analysis and DMR analysis (ie, differ-
entially methylated regions). A differentially methylated
677
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Figure 2 Distribution of differentially hypermethylated (black) and hypomethylated (gray) CpG sites, according to location relative to genes (A) and to CG
density (B). Differentially methylated regions of HLA-F (C), SLFN12 (D), HLA-DPA1 (E), and PIWIL1 (F). Both lines represent the mean b-values (y axis) across
the gene region (x axis). Black line indicates patients with serrated polyposis syndrome (SPS); and gray line, healthy controls (Cs). Each tic on the x axis
represents a specific differentially methylated CpG (DMC) and shows its location relative to the gene region. Bars below the x axis: black indicates transcription
start site (TSS) 1500 (ie, promoter region); dark gray, gene body or first exon; and light gray, 50 untranslated region (UTR). IGR, intergenic region.

Jung et al
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DNA Methylation Profiling of SPS
region is a set of multiple CpGs, usually adjacent to each
other, which display a predicted strong functional and
regional correlation alongside the genome and possibly
form a functional unit for the transcriptional regulation.28 To
detect DMRs between two populations on normalized
b-values, the Bioconductor package bump hunter was used
with default parameters,29 included in the ChAMP. DMR
function was assessed, to estimate regions for which a
genomic profile deviates from its baseline value.

Differentially methylated cytosines and regions between
groups (SPS and healthy) were assessed by linear models,30

including clinical covariates: age, sex, colon location (prox-
imal and distal), and tobacco use after a logit transforming of
b-values. Because differences in normal mucosa were pre-
dicted to be subtle, a difference in the relative methylation
level (Db value) of >0.1 (ie, an absolute 10% increase or
decrease) was defined as clinically relevant and an adjusted P
value (Benjamini-Hochberg method) of<0.05 as statistically
significant (adjusted for sex, age, tobacco use, and location).
In the case of polyp tissue, aDb value of>0.2 (ie, an absolute
20% increase or decrease) was defined as clinically relevant
and an adjusted P value of <0.05 as statistically significant.

Gene Expression Analysis

A next-generation, gene-level, expression-profiling tool was
used according the manufacturer’s protocol, to analyze the
expression levels of >20,000 genes in a transcriptome-wide
manner (Human Clariom S Assay; reference 902927;
ThermoFisher Scientific). The raw gene expression was
processed using bioconductor tools.31 Briefly, the entrez-
based probe definition,32 normalization using rma, and dif-
ferential expressed ranking using moderated t-statistics were
used.30 Correlation between genes and differentially meth-
ylated regions was computed using Spearman correlation. A
fold change of at least �1.1 (ie, a 10% increase or decrease
in expression level) with a P value of <0.05 was considered
as relevant and statistically significant.

Results

Characteristics of the Study Cohorts

Clinical characteristics of the study cohorts are summarized in
Table 1.Mean age in the discovery phase was 59 and 62 years
for patients with SPS and healthy controls, respectively. Of
the 50 SPS cases, four patients hadCRC (8%) in the discovery
phase. In the validation cohort, mean age was 60 and 62 years
for patients with SPS and healthy individuals, respectively.
There were seven cases of CRC in the SPS group (41%).

Discovery of Differentially Methylated CpGs in Fresh-
Frozen Tissue

The aim was to identify differentially methylated CpGs
(DMCs) as potential biomarkers for patients with SPS.
The Journal of Molecular Diagnostics - jmdjournal.org
Following the field defect hypothesis, we sought to identify
DMCs in normal mucosa between patients with SPS and
healthy controls. After adjusting for age, sex, colon location
(proximal and distal), and tobacco use, 34 differentially
hypermethylated and 36 differentially hypomethylated
CpGs were found (Supplemental Table S1). Both events,
hypermethylation and hypomethylation, occurred predomi-
nantly in promoter regions and gene bodies and not in
intergenic regions (Figure 2A). Opensea areas (ie, CpGs
unrelated to CpG islands) were almost twice as frequently
affected as CpG islands or shores (Figure 2B). Those
differentially hypermethylated and hypomethylated CpGs
not related to intergenic regions corresponded to 18 and 27
genes, respectively (Supplemental Table S1). For most
genes, only one CpG site was affected; however, some
showed a differential methylation level at multiple CpG
sites. The most hypermethylated CpG regions (ie, with more
than one CpG site affected) were HLA-F, SLFN12, B2M,
HLA-DMA, and RARRES3, and the most hypomethylated
genes were PIWIL1 and ANK3 (Supplemental Table S1).

Because SPS subtypes are phenotypically different, their
methylation profiles were next studied separately
(Supplemental Figure S1). No significant differences were
observed between World Health Organization 2010 subtype
I (N Z 15) and subtype III (N Z 15) (Supplemental Table
S2 and Supplemental Figure S1). When compared with
normal mucosa of healthy individuals, subtype III did not
show any relevant aberration in its methylation profile
(Supplemental Table S3), whereas subtype I showed eight
DMCs (all hypomethylated), seven of which corresponded
to six genes and one to an intergenic region (Supplemental
Table S4).

The methylation profiles were also compared between
SPS patients with history of CRC (N Z 4) and those
without CRC (N Z 46), but no substantial differences were
observed. Only four CpGs were statistically significant after
adjustment by Benjamini-Hochberg method (cg11699261,
cg23979401, cg20106822, and cg12842231). All four CpGs
were located in opensea areas and in the gene body of their
corresponding gene: PBLD, LOC728723, MYOM2, and
KIAA1671 (Supplemental Table S5).

Discovery of Differentially Methylated Regions in
Fresh-Frozen Tissue

Differential methylation of a single CpG site is highly
relevant for biomarker discovery. However, because previ-
ous studies have found CpGs strongly correlated across the
genome in a functional and regional manner, DMRs were
studied next.28,33 DMRs are genomic regions with multiple
adjacent CpG sites that are differentially methylated and
possibly form a functional unit involved in transcriptional
regulation. Fifty-seven differentially hypermethylated and
155 hypomethylated regions (P < 0.05) were retrieved be-
tween patients with SPS and healthy individuals
(Supplemental Table S6). Four of these DMR-defined genes
679
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Table 2 Differentially Methylated CpGs with Best Discriminatory Performance and Good Correlation with GE

Gene CHR CpG Gene location CpG location

ME

Direction

HLA-F 6 cg12588917 Body Island Hyper
cg24351901 Body Island Hyper
cg15331332 Body Shore Hyper
cg23892836 Body Island Hyper
cg07016276 Body Island Hyper
cg00504902 Body Shore Hyper

SLFN12 17 cg19566405 TSS1500 Opensea Hyper
cg05174890 TSS1500 Opensea Hyper
cg11346248 TSS1500 Opensea Hyper
cg03251655 First exon Opensea Hyper
cg21697381 TSS1500 Opensea Hyper

HLA-DMA 6 cg02806715 Body Opensea Hyper
cg24129356 First exon Opensea Hyper

UBE2L6 11 cg27429749 Body Shore Hyper
ANK3 10 cg14274656 First exon Opensea Hypo

cg16134349 First exon Opensea Hypo
BST2 19 cg11558551 TSS200 Opensea Hyper
HLA-DPA1 6 cg12858166 30UTR Opensea Hyper

(table continues)

CHR, chromosome; GE, gene expression; Hyper, hypermethylation; Hypo, hypomethylation; ME, gene methylation; TSS, transcription start site; UTR, un-
translated region.

Jung et al
overlapped with our findings of the single CpG analysis
described above: HLA-F, SLFN12, and HLA-DPA1 (all
three hypermethylated) and PIWIL1 (hypomethylated)
(Figure 2, CeF).
Colorectal Location Impacts Substantially on the
Methylation Profile

Differential aberrant methylation has been described in the
different parts of the colorectum.34 Therefore, from each
patient with SPS and healthy individual a pair of one
proximal and one distal biopsy specimen were included.
When stratified by location, 339 DMCs were retrieved be-
tween SPS and healthy individuals if only the proximal
location was analyzed (Supplemental Table S7) and 343
DMCs if only the distal location was analyzed
(Supplemental Table S8). Interestingly, an important pre-
dominance of hypomethylation events in both locations
(325 of 339 proximally and 330 of 343 distally) as well as a
predominance of opensea DMCs (209 of 339 proximally
and 204 of 343 distally) was found. To evaluate the stability
of the methylome, the profile of the healthy individuals was
analyzed by age group and no significant correlation was
found between age and global methylation status for the
proximal or the distal location [R Z �0.12 (P Z 0.64)
versus R Z 0.38 (P Z 0.11), respectively] (Supplemental
Figure S2, A and B). Regarding sex, a minimum tendency
of higher methylation was found for female patients, but this
was only significant for the distal location (P Z 0.021)
(Supplemental Figure S2, C and D).
680
Correlation with Gene Expression

To validate the functional impact of aberrant methylation
observed in normal mucosa, the correlation of the methyl-
ation level of the differentially methylated CpGs was further
studied with the expression level of their corresponding
gene in the same fresh-frozen samples. Fifty genes showed a
strong correlation (r > 0.7; P < 0.05), and 1934 genes
showed a moderate correlation (0.3 < r < 0.7; P < 0.05)
(Supplemental Table S9). The corresponding CpGs of seven
of the genes with a moderate correlation (r > 0.3) showed
highly significant differences in their methylation levels (Db
> 0.1; P < 0.0001) and significant fold changes in their
expression levels (fold change > 1.1; P < 0.05): HLA-F,
SLFN12, HLA-DMA, UBE2L6, ANK3, BST2, and HLA-
DPA1 (Table 2 and Figure 3).

Independent Validation in FFPE Samples of Normal
Mucosa of Patients with SPS

To validate the results, FFPE samples of normal-appearing
mucosa from the proximal and distal colon of an indepen-
dent cohort of 17 SPS patients and 10 healthy individuals
were analyzed (Supplemental Table S10). When analyzed
by gene, two genes could be positively validated: HLA-F,
which showed a significant hypermethylation in both fresh-
frozen and paraffin-embedded specimens; and KLF11,
which showed a significant hypomethylation in both spec-
imens (Table 3 and Supplemental Tables S1 and S10). Of
note, HLA-F was one of the genes that showed a moderate
correlation between its methylation status and gene
jmdjournal.org - The Journal of Molecular Diagnostics
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Table 2 (continued)

ME GE Correlation of ME-GE

Db Methylation P value Direction Fold change P value r P value

0.145 1.2 � 10�11 Down �1.246 0.001 �0.631 0
0.144 2.4 � 10�9

0.142 6.7 � 10�9

0.129 3.5 � 10�9

0.101 4.6 � 10�6

0.102 2.2 � 10�6

0.130 2.2 � 10�8 Down �1.223 0.000 �0.583 0
0.113 7.4 � 10�7

0.110 6.8 � 10�8

0.100 1.5 � 10�7

0.100 7.5 � 10�8

0.126 1.0 � 10�11 Down �1.276 0.000 �0.578 0
0.121 5.3 � 10�11

0.117 2.2 � 10�6 Down �1.193 0.038 �0.521 7.3 � 10�11

�0.117 3.0 � 10�6 Down �1.140 0.033 �0.409 1.0 � 10�6

�0.104 5.0 � 10�8

0.102 5.0 � 10�8 Down �1.361 0.000 �0.380 6.0 � 10�6

0.104 1.1 � 10�2 Down �1.198 0.003 �0.315 2.0 � 10�4
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expression levels (r Z �0.631) in the exploratory phase of
the study.

Similar to the analysis in fresh-frozen samples, in FFPE
tissue, no statistically significant aberrant methylation pro-
files were found between patients with CRC (N Z 7) and
those without (N Z 10). Of 1208 CpGs that showed >10%
increase or decrease in their methylation level, none reached
statistical significance after adjustment (Supplemental Table
S11).

Validation in FFPE Samples of Polyp Tissue

We next hypothesized that the changes detected in normal
mucosa (field defect) predispose for the development of
serrated polyps and thus should be present in preneoplastic
lesions. To confirm this hypothesis, the differential
methylation pattern of an independent cohort of 24 serrated
lesions (6 HPs and 18 SSLs) were analyzed and compared
with 7 healthy controls. Because pathologic tissue was
predicted to harbor more epigenetic changes compared with
normal mucosa, more stringent parameters were predefined
for the detection of differences in methylation levels and
27,062 significantly hypermethylated and 9677 significantly
hypomethylated CpG sites were identified. When looking at
DMCs in promoter regions, almost 10 times more hyper-
methylated DMCs (13,999 CpGs) than hypomethylated
DMCs (1418 CpGs) were detected. Hypermethylated
DMCs not related to intergenic regions corresponded to
4203 genes, and hypomethylated CpGs corresponded to
The Journal of Molecular Diagnostics - jmdjournal.org
3044 genes (Supplemental Table S12). Furthermore, nine
shared genes that harbored DMCs in both cohorts were
identified, of which three were hypermethylated (HLA-F,
CDC42SE2, and RBMS1) and six were differentially
hypomethylated (MUC21, ANK3, SNX29, TRERF1, KLF12,
and AGPAT4).

In summary, HLA-F was found to be differentially
hypermethylated in fresh-frozen samples of normal mucosa
of SPS patients, correlating well with gene expression, and
differentially hypermethylated in FFPE samples of an in-
dependent cohort as well as in FFPE samples of serrated
lesions (Figure 4).

Gene Set Enrichment Analysis

To better understand the possible functional implications of
the genes related to the DMCs found herein, a gene set
enrichment analysis was performed on the list of DMCs found
in the fresh-frozen samples. By using theKyoto Encyclopedia
of Genes and Genomes software v92.0 (https://www.genome.
jp/kegg), a significant enrichment was identified in 24
different gene sets with an adjusted P value of <0.05
(Supplemental Table S13). Overall, there was an enrich-
ment in gene sets related to DNA methylation, cancer (also
colon cancer), morphogenesis (homeobox genes), embryonic
stem cell identity, cell-cell adhesion, and immune response,
particularly IgA production and antigen processing and pre-
sentation. Intriguingly, none of the typical genes linked to the
CIMP was enriched in our data set.
681
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Figure 3 For the three genes (rows) with best differences in methylation levels (left panels) and expression levels (middle panels) as well as good
correlation between expression and methylation (right panels), box-and-whisker plots and correlation curves are displayed: HLA-F, SLFN12, and HLA-DMA. For
differences in methylation levels, one representative CpG site is shown. For both methylation and gene expression levels, differences are disclosed by group
and location: distal colon of healthy control (C.D), proximal colon of healthy control (C.P), distal colon of serrated polyposis syndrome (SPS; SPS.D), and
proximal colon of SPS (SPS.P). *P < 0.05, **P < 0.01, and ***P < 0.001. HLA, human leukocyte antigen.

Jung et al
Discussion

The pathogenesis of SPS remains elusive. In this study, for
the first time, the methylation profile of >850,000 CpGs
was analyzed in normal mucosa of patients with SPS to
explore the field defect of cancerization in this disease. The
682
results support the existence of a methylation field defect in
normal mucosa between patients with SPS and healthy
individuals. The fact that the differential methylation levels
of some DMCs inversely correlated with the expression
levels of their corresponding gene suggests that these
phenomena have a functional impact and thus underlines
jmdjournal.org - The Journal of Molecular Diagnostics
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Table 3 Validated Differentially Methylated and Expressed Genes in FFPE

Gene CHR CpG Methylation Db P value Gene location CpG location

HLA-F 6 cg22298860 Hyper 0.145 2.0 � 10�7 TSS1500 Shore
cg26751972 Hyper 0.143 4.6 � 10�6 Body Island
cg11768167 Hyper 0.101 1.1 � 10�5 TSS1500 Shore
cg11587584 Hyper 0.101 1.6 � 10�4 Body Shore

KLF11 2 cg05647197 Hypo �0.156 2.0 � 10�5 TSS1500 Shore
cg18424122 Hypo �0.148 9.2 � 10�5 TSS1500 Shore
cg01354088 Hypo �0.123 2.5 � 10�4 TSS1500 Island
cg12005760 Hypo �0.113 1.1 � 10�4 TSS1500 Island
cg15123428 Hypo �0.110 3.2 � 10�4 Body Shore
cg11249298 Hypo �0.107 1.8 � 10�8 Body Shore

CHR, chromosome; FFPE, formalin fixed, paraffin embedded; Hyper, hypermethylation; Hypo, hypomethylation; TSS, transcription start site.

DNA Methylation Profiling of SPS
their relevance. Finally, the hypermethylation of the gene
body of HLA-F in formalin-fixed tissue was validated in an
independent cohort and in serrated polyp tissue, high-
lighting it as a promising biomarker candidate for the field
defect in SPS.

In a former study by Minoo et al,12 DNA hyper-
methylation of a limited panel of the so-called CIMP
markers was found to be more extensive in serrated polyps
from patients with SPS compared with patients without
criteria for SPS, although the number of patients (N Z 3 in
the SPS group, and N Z 9 in non-SPS group) was limited.
In the same study, this difference was even more apparent in
normal mucosa of the proximal colon. Our results are in line
with that preliminary observation using a high-throughput
analysis of methylation. However, notably, no significant
differences were found in any of the previously described
CIMP markers in normal colonic mucosa. Instead, in
serrated polyp tissue, intense promoter hypermethylation
was found in most of the previously described CIMP
markers (ie, NEUROG1, RUNX3, CACNA1G, MLH1,
CDKN2A, RASSF2, and MGMT), suggesting that they may
not be present at early disease stages but rather in developed
Figure 4 Summary of the design of the study and highlighting hypermeth
polyposis syndrome (SPS). SL, serrated lesions. Icons/images are licensed from t

The Journal of Molecular Diagnostics - jmdjournal.org
serrated polyps.35,36 Another interesting finding of our re-
sults is that, apart from CpG islands in promoters, aberrant
CpGs in opensea areas and CpGs located in gene bodies
represent a meaningful proportion of the differential
methylation observed in normal mucosa. Nonetheless, the
technology used in our study still captures only 3% to 4% of
around 28 million CpG sites in the human DNA, and higher
yields are expected with the advent of even more advanced
technologies in the near future.

In this study, we tested the hypothesis that the methyl-
ation field defect in normal mucosa could potentially be
used to identify patients with SPS at higher risk for CRC.
However, no significant differences were detected in the
aberrant methylation between patients with and without
CRC in none of the two independent cohorts analyzed.
Because the absolute numbers of cases with CRC were
rather low in both cohorts (4 of 50 and 7 of 17, respectively)
and because of the underlying heterogeneity of the disease,
increasing the number of CRC cases may lead to significant
results in larger cohorts. However, it is also possible that
those alterations necessary for polyp formation and cancer
progression are only measurable in the developed lesions
ylation of HLA-F as the most promising biomarker candidate for serrated
henounproject.com or iStock by Getty Images.
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and not in the normal mucosa. This would explain the
observation that a substantially higher number of DMCs
were found in direct polyp tissue compared with normal-
appearing mucosa.

Hypermethylation of the gene body of HLA-F has
emerged as the most consistent biomarker candidate for
SPS because it showed the highest number of DMCs, it
was validated in an independent cohort of patients, and it
was validated in serrated polyp tissues. In addition, HLA-F
was significantly underexpressed in the normal mucosa,
with an inverse correlation with the methylation status. In
the literature, the function of HLA-F is still not fully
elucidated, but it is clear that it participates in human
peptide presentation to natural killer cell receptors and
regulates immune response.37 Furthermore, the expression
of HLA-F and other human leukocyte antigen (HLA)
molecules has been linked to several cancers of the
digestive system in the literature,38e41 but the association
of its methylation status with a precancerous condition like
SPS is truly a novel finding of our study. García-Solano
et al,42 in a study comparing the methylation profile of
serrated adenocarcinomas and tumors with sporadic mi-
crosatellite instability, found that hypermethylation of
HLA-DOA was associated with tumors with sporadic mi-
crosatellite instability, with an inverse correlation in the
expression levels. Interestingly, HLA-DOA was also found
to be differentially methylated in serrated polyp tissues
(Supplemental Table S12) but not in the normal mucosa of
patients with SPS, indicating that it may be a later event in
polyp formation. Besides from HLA-F, other HLA mole-
cules were found to be differentially methylated, such as
HLA-DMA and HLA-DPA1 when looking at single DMCs
as well as HLA-E, HLA-J, and HLA-DPA1 when looking
at DMRs (Supplemental Table S6). In some cases, their
higher methylation status correlated with lower expression
levels. HLA class I molecules seem to play an important
role for immune surveillance of cancer cells, and our study
generates the hypothesis of their involvement in cancer
initiation and progression in SPS.43

There are some limitations in this study. First, the results
were not technically validated with a different technique,
such as pyrosequencing.42 However, a clinical validation
was performed in an independent cohort of patients using
the same method, which has been extensively demonstrated
to be robust. Second, even though so far we have analyzed
the largest cohort of patients with SPS for their methylation
profile in normal mucosa, the number of cases was not large
enough to perform an adequate subgroup analysis
comparing the World Health Organization I and II criteria,
or patients with and without CRC. Third, with the
comparative and cross-sectional design, it is impossible to
perform causal inference between methylation status and
expression levels, and the significance of the identified
genes and SPS carcinogenesis. There is abundant evidence
for the relation between gene promoter hypermethylation
and down-regulation of gene expression.44 However, many
684
other processes influence gene expression, such as histone
modifications, miRNAs, and long noncoding RNAs, which
all interplay in a complex regulatory network.45e47 More-
over, the effects of hypermethylation or hypomethylation of
intergenic regions on gene expression are more elusive, and
it is likely that most of the epigenetic alterations observed
are passenger events rather than causative ones.48 Finally,
this study constitutes a proof-of-concept study that supports
the existence of a certain methylation field defect in SPS that
needs to be validated in further investigations.
In conclusion, in this study, we describe the existence of

aberrant methylation in the normal mucosa of patients with
SPS, associated with changes in the expression of the
affected genes. From a clinical perspective, it would be
desirable not only to properly diagnose this disease, but also
to detect those patients at higher risk of developing colo-
rectal cancer to improve surveillance programs and reduce
the burden of colonoscopies. Prospective studies with serial
sampling of normal mucosa, serrated polyp tissue, and
serrated adenocarcinoma can provide deeper pathophysio-
logical insights and facilitate the discovery of biomarkers
for cancer risk.

Conclusions
� Epigenome-wide DNA methylation analysis (by 850K
InfiniumEpic BeadChip Kit) is capable of identifying
numerous DMCs and DMRs in fresh-frozen samples of
normal mucosa of patients with SPS.

� Two genes with DMCs have been validated in FFPE
samples of an independent cohort of SPS patients: HLA-F
and KLF11.

� Seven genes showed significant changes in their expres-
sion levels, and these correlated well with the methylation
status of their corresponding CpGs.

� Some validated DMCs are also present in polyp tissue
alongside additional epigenetic changes: HLA-F,
CDC42SE2, RBMS1, MUC21, PRR12, ANK3, SNX29,
TRERF1, KLF12, and AGPAT4.

� There is an enrichment in methylation changes in genes
involved in cancer pathways and immune response, but
their possible role in the colorectal carcinogenesis needs
to be elucidated.
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