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Abstract

Aberrant methylation of DNA is supposed to be a major and early driver of colonic
adenoma development, which may result in colorectal cancer (CRC). Although gene
methylation assays are used already for CRC screening, differential epigenetic
alterations of recurring and nonrecurring colorectal adenomas have yet not been sys-
tematically investigated. Here, we collected a sample set of formalin-fixed paraffin-
embedded colorectal low-grade adenomas (n = 72) consisting of primary adenomas
without and with recurrence (n = 59), recurrent adenomas (n = 10), and normal
mucosa specimens (n = 3). We aimed to unveil differentially methylated CpG posi-
tions (DMPs) across the methylome comparing not only primary adenomas without
recurrence vs primary adenomas with recurrence but also primary adenomas vs
recurrent adenomas using the Illumina Human Methylation 450K BeadChip array.
Unsupervised hierarchical clustering exhibited a significant association of methylation
patterns with histological adenoma subtypes. No significant DMPs were identified
comparing primary adenomas with and without recurrence. Despite that, a total of
5094 DMPs (false discovery rate <0.05; fold change >10%) were identified in the
comparisons of recurrent adenomas vs primary adenomas with recurrence (674; 98%
hypermethylated), recurrent adenomas vs primary adenomas with and without recur-
rence (241; 99% hypermethylated) and colorectal adenomas vs normal mucosa
(4179; 46% hypermethylated). DMPs in cytosine-phosphate-guanine (CpG) islands
were frequently hypermethylated, whereas open sea- and shelf-regions exhibited
hypomethylation. Gene ontology analysis revealed enrichment of genes associated
with the immune system, inflammatory processes, and cancer pathways. In conclu-

sion, our methylation data could assist in establishing a more robust and reproducible
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1 | INTRODUCTION

Colorectal cancer (CRC) has the third highest cancer incidence world-
wide with approximately 1.8 million new cases in 2018.} As CRC
develops mainly via the adenoma-carcinoma sequence, endoscopic re-
section of adenomas reduces CRC risk significantly.? However, recur-
rences of initially resected polyps are common and contribute to the
risk of developing CRC.2 Many guidelines define postpolypectomy
colonoscopy surveillance intervals,*® but the scientific rationale for
the different intervals is vague. Therefore, biomarkers for the predic-
tion of recurrences could help to identify patients at risk and to define
improved surveillance intervals.

As CRC develops over several years, molecular evidence has accu-
mulated that the disease is driven by the acquisition of genetic and
epigenetic alterations. Several distinct molecular pathways have been
described: (a) the chromosomal instability (CIN) pathway that is asso-
ciated with aneuploidy, copy number alterations (CNAs), and muta-
tions most frequently affecting APC, TP53, and KRAS”®; (b) the
microsatellite instability pathway that is caused by DNA hyper-
mutation?; (c) the CpG island mismatch repair phenotype (CIMP),
which is defined by extensive methylation of CpG islands.*® Abnormal
DNA methylation is supposed to happen very early and affects up to
85% of adenomas and CRCs.!! These tumors exhibit pathological
methylation patterns predominantly affecting canonical and non-
canonical WNT-pathway genes (eg, AXIN2, CTNNB1, SFRP1, and
SFRP2) and Polycomb group genes.!?'® Thus, it is reasonable to
assume that adenoma recurrence after polypectomy might at least
partially be triggered by methylation pattern changes.

The evolution from colorectal adenoma to CRC is associated with
increasing hypermethylation of CpG islands (CGl) in promoter regions of
tumor suppressor genes and concurrent global hypomethylation of
CpG sites.® DNA hypomethylation might contribute to CIN because
of the reactivation of transposable elements and chromosomal
rearrangements.}>1¢ Additionally, it is known that aberrant methylation
of CpGs in gene bodies contributes to dysregulation of gene expres-
sion.2”28 Recent advances in analytical technologies have permitted the
assessment of genome-wide methylation patterns.'? Consequently, mul-
tiple studies have shed light on the methylome landscapes of CRCs and
determined the contribution of altered methylation to the development
and progression of CRC.132°2! The aberrant methylation of DNA also
affects adenomas.?? However, differential epigenetic alterations of
recurring and nonrecurring colorectal adenomas have not yet been sys-
tematically and comprehensively investigated. In this study, we aimed to
unveil differentially methylated CpG positions (DMPs) across the

histological adenoma classification, which is a prerequisite for improving surveillance

adenoma, DNA methylation, epigenetics, histological subtype, recurrence

genome of formalin-fixed paraffin-embedded (FFPE) colorectal speci-
mens comparing primary adenomas with recurrence vs primary adeno-
mas without recurrence, primary adenomas vs recurrent adenomas, and
colorectal adenomas vs normal mucosa. We utilized the lllumina Infinium
Human Methylation 450K BeadChip array (HM450K), covering more
than 485 000 genome-wide distributed CpG sites, to analyze the distri-
bution of DMPs across the genome. A pathway enrichment analysis was
conducted to uncover the most frequently altered pathways and hence
to assess the biological functions of the DMPs. Selected markers were
subsequently quantitatively analyzed by pyrosequencing to validate the

array results.

2 | MATERIALS AND METHODS

2.1 | Clinical samples

The study was approved by the local ethics committee of the Medical
Faculty Mannheim of the University of Heidelberg, Germany
(2012-608R-MA). All adenoma and normal colonic mucosa samples
were collected between 2002 and 2014 and retrieved from the FFPE
tissue archive from the Institute of Pathology of the University Medi-
cal Center, Mannheim. A total of 69 colorectal adenoma and 3 normal
colonic mucosa specimens were selected. Although pathological eval-
uation for in toto polypectomy was not possible because of the frag-
mentation of the tissue, endoscopic removal was indicated as
complete based on thorough clinical assessment for all lesions. Recur-
rent adenomas were defined by the endoscopist (SB) if a scar was pre-
sent in connection with the new adenoma formation and/or if the
same anatomical position as described in centimeters from the anus
was ensured. The median observation time after polypectomy was
21.0 months (IQR, 10.9-36.3 months). The analyzed study cohort con-
sisted of four sample groups (Table 1): (a) primary adenomas that did
not unveil a tumor in the observation period (n = 30; primary adenoma
without recurrence); (b) primary adenomas that exhibited a docu-
mented recurrence of the adenoma at the same location during the
follow-up period (n = 29, primary adenoma with recurrence); (c) recur-
rent adenoma (n = 10; matched pairs corresponding to 10 of the primary
adenomas with recurrence); and (d) normal colonic mucosa (n = 3).
Pathological classification was done, in accordance with the current
WHO classification from 2010,2% by two board-certified pathologists
blinded to all data (TG/JR). Histological classification discerned tubu-
lar, tubulovillous, or villous adenomas (Table 2). The adenomas
exhibited cytological and histological alterations fitting the WHO defi-
nition of low-grade dysplasia (LGD).
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2.2 | Tumor sample preparation

Consecutive sectioning was performed on archived FFPE tissue blocks.
The first tissue slide was stained by hematoxylin and eosin (H&E) and the
region of interest (>70% tumor content) was marked. Two consecutive
FFPE sections (10 pm thick) were deparaffinized in xylene for 10 minutes
and rehydrated in an ethanol series for 10 minutes. The tumor area was
macrodissected with a scalpel under the guidance of the marked H&E
slide. Genomic DNA was extracted using the Gentra Puregene Tissue Kit
(Qiagen, Hilden, Germany) and subsequently spectrophotometrically
quantified by NanoDrop ND-1000 (Thermo Fisher Scientific, Waltham,
MA). Eluted DNAs were purified by applying the DNA Clean & Concen-
trator Kit (Zymo Research, Irvine, CA) before a quality check was per-
formed using the Infinium HD FFPE QC Real-time PCR assay (lllumina,

San Diego, CA) as indicated in the manufacturer's protocol.

2.3 | DNA methylation microarray analysis

DNAs (250 ng) of 69 colorectal adenomas and three normal mucosae
were subjected to bisulfite conversion using the EZ-96 DNA Methyla-
tion Kit (Zymo Research). Converted DNAs were hybridized to six

HM450K arrays (lllumina) by sequential whole-genome amplification,

TABLE 1 Distribution of age at
diagnosis, gender, adenoma location,
histology, size, and observation time of
patients with primary adenomas without Variable
recurrence and with recurrence Age at diagnosis (y)
Mean + SD
Median (IQR)
Gender
Female
Male
Location
Right hemicolon
Left hemicolon
Rectum
Histology
Tubular
Tubulovillous/villous

Size (mm)

enzymatic fragmentation, precipitation, and resuspension according to
the manufacturer's instructions. Samples were randomly distributed
on the arrays and hybridized for 20 hours at 48°C in a hybridization
oven. Subsequently, arrays were treated with a primer extension, an
immunohistochemical staining, and a coating as indicated by the sup-
plier's protocol (lllumina).!? Probe signals were detected by an iScan
array scanner (lllumina) and microarray data (NCBI GEO Accession
No. GSE129364) were exported as idat files. Quality control metrics
for samples and probes were assessed by the GenomeStudio software
version 1.8 (lllumina). Signal intensity normalization, background level
correction, and color adjustments were conducted by applying the
SWAN normalization method of the Bioconductor R-package
minfi.2*2> Starting from a total of 485 577 array probes, 156 004
probes were excluded because of one of the following criteria:
(a) cross-reactive polymorphic CpG sites2%; (b) nonspecific probes?’;
(c) age-dependent CpG positions?”; and (d) single nucleotide polymor-
phisms (SNPs) near the targeted CpG site.?® Filtering left a total of
329 573 array probes for analysis. Methylation levels were calculated
as 3 values according to the following formula®’:

Mean + SD
Median (IQR)

Observation time/
recurrence-free time (m)

Mean + SD
Median (IQR)

aStudent's t test.

PFisher's exact test.
“Freeman-Halton test.

= Intensity(methylated) (1)
Intensity(methylated) + intensity(unmethylated) + 100
Primary adenomas without  Primary adenomas with
recurrence recurrence .
(n = 30) (n=29) value
673+7.5 64.9 + 11.7 .350%
67.3 (64.4-70.2) 64.3 (55.9-70.7)
14 14 1.000°
16 15
16 17 .405¢
3
9
11 4 072°
19 25
19.6 + 8.8 32.8+20.8 .003?
20.0 (12.0-20.0) 30.0 (20.0-30.0)
26.9 £15.2 225+ 16.6 .380%

22.9 (13.7-22.9)

19.9 (8.0-19.9)
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TABLE 2 Clinicopathological features of the primary adenomas and recurrent lesions

Primary adenoma w/o
recurrence

Primary adenoma w/
recurrence

Sample ID
A1l
A2
A3
A4
A5
Ab
A7
A8
A9
A 10
A1l
A12
A13
Al4
A 15
A31
A32
A33
A34
A 35
A 36
A37
A 38
A 39
A 40
A41
A42
A43
A44
A 45
A 16
A17
A18
A19
A 20
A21
A22
A 23
A 247
A 25
A 26
A 27°
A28
A 29°
A 30
A 46
A47
A48
A49
A 50

Gender

mTITITMTMLITIITIITTMTIIIMTMIIIIIITTMTMOMTMIIITITTTMTIIMITITITIIIIIIXI

Age at
diagnosis (y)

66.7
66.0
50.3
67.2
67.3
68.6
63.9
70.3
68.2
62.8
68.5
66.3
718
50.9
66.6
66.3
83.6
69.7
67.3
754
76.0
67.9
74.1
84.4
62.9
63.4
58.2
55.7
710
69.0
69.2
68.5
55.1
64.9
70.2
62.7
73.0
64.9
453
61.9
79.0
87.9
55.9
37.9
78.0
523
58.8
520
63.6
729

Grade of
dysplasia

Low grade
Low grade
Low grade
Low grade
Low grade
Low grade
Low grade
Low grade
Low grade
Low grade
Low grade
Low grade
Low grade
Low grade
Low grade
Low grade
Low grade
Low grade
Low grade
Low grade
Low grade
Low grade
Low grade
Low grade
Low grade
Low grade
Low grade
Low grade
Low grade
Low grade
Low grade
Low grade
Low grade
Low grade
Low grade
Low grade
Low grade
Low grade
Low grade
Low grade
Low grade
Low grade
Low grade
Low grade
Low grade
Low grade
Low grade
Low grade
Low grade

Low grade

Recurrence

Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary

Observation
time/recurrence (m)

271
121
14.1
38.0
47.2
19.6
23.9
45.4
219
204
47.5
3.4
125
10.9
36.5
ND
50.6
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
242
7.7
30.4
6.6
418
210
8.0
17.2
19.9
53
60.1
19.1
8.4
249
14.5
31
54.2
7.0
52.7
26.6

Histology
Tubulovillous
Tubular
Tubulovillous
Tubular
Tubulovillous
Villous
Tubulovillous
Tubulovillous
Tubulovillous
Villous
Tubulovillous
Tubular
Tubulovillous
Tubular
Tubular
Tubulovillous
Tubulovillous
Tubulovillous
Tubular
Tubular
Tubulovillous
Tubular
Tubulovillous
Tubulovillous
Tubulovillous
Tubulovillous
Tubular
Tubulovillous
Tubular
Tubular
Tubulovillous
Tubulovillous
Tubulovillous
Tubulovillous
Tubulovillous
Tubular
Tubulovillous
Tubular
Tubulovillous
Tubulovillous
Tubulovillous
Tubulovillous
Tubulovillous
Tubulovillous
Tubulovillous
Tubulovillous
Tubulovillous
Tubulovillous
Tubular

Tubulovillous

Location
Ascending
Cecum
Rectum

Descending

Size
(mm)

20
18
35
20

Hepatic flexure 20

Rectum 40
Cecum 25
Sigmoid 12
Ascending 20
Rectum 10
Sigmoid 30
Cecum 40
Ascending 12
Transverse 15
Ascending 25
Rectum 20
Transverse 20
Cecum 30
Rectum 10
Sigmoid 8
Sigmoid 5
Rectum 12
Ascending 20
Cecum 20
Ascending 15
Hepatic flexure 20
Cecum 12
Rectum 23
Sigmoid 12
Descending 20
Ascending 15
Rectum 20
Sigmoid 42
Cecum 20
Hepatic flexure 40
Ascending 20
Rectum 25
Transverse 6
Ascending 25
Transverse ND
Transverse 20
Rectum 94
Rectum 35
Cecum 40
Rectum 30
Rectum 63
Cecum 40
Ascending ND
Ascending 7
Cecum 12

(Continues)
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TABLE 2 (Continued)
Age at Grade of Observation Size
Sample ID  Gender diagnosis (y) dysplasia Recurrence  time/recurrence (m) Histology Location (mm)
A51 F 70.7 Low grade  Primary 36.3 Tubular Cecum 18
A 52 M 63.5 Low grade  Primary 3.2 Tubulovillous  Rectum 40
A 53 F 69.8 Low grade  Primary 32.6 Tubulovillous  Cecum 35
A 542 F 64.3 Low grade  Primary 1.9 Tubulovillous  Rectum 20
P 1a° F 81.9 Low grade  Primary 264 Tubulovillous  Rectum 84
P 23° F 53.6 Low grade  Primary 29.1 Tubulovillous  Sigmoid 45
P 3a° F 54.4 Low grade  Primary 12.8 Tubulovillous  Sigmoid 20
P 43° M 63.8 Low grade  Primary 47.4 Tubulovillous  Cecum 30
P 6a° M 87.1 Low grade  Primary 9.5 Tubulovillous  Cecum 40
Recurrent adenoma A 24b F 46.8 Low grade  Recurrent 19.9 Tubular Ascending 10
A 27b M 89.3 Low grade  Recurrent 19.1 Tubulovillous  Rectum ND
A 29b M 39.8 Low grade  Recurrent 24.9 Tubular Cecum ND
A 53b F 72.5 Low grade  Recurrent 32.6 Tubulovillous  Cecum 15
A 54b F 64.4 Low grade  Recurrent 1.9 Tubulovillous  Rectum ND
P 1b F 84.1 Low grade  Recurrent 264 Tubulovillous  Rectum 20
P 2b F 56.0 Low grade  Recurrent 29.1 Tubulovillous  Sigmoid ND
P 3b F 554 Low grade  Recurrent 12.8 Tubulovillous  Sigmoid ND
P 4b M 67.6 Low grade  Recurrent 47.4 Tubulovillous  Cecum 30
P 6b M 87.9 Low grade  Recurrent 9.5 Tubulovillous  Cecum 19
Normal N1 M 51.7 Low grade  Normal ND ND Descending ND
N2 M 52.6 Low grade  Normal ND ND Transverse ND
N3 M 69.1 Low grade  Normal ND ND Transverse ND

Abbreviations: F, female; M, male; ND, not determined.
®Matched recurrent adenoma was analyzed.

2.4 | Microarray data analysis

Principal component analysis (PCA) and unsupervised hierarchical
clustering of the samples were conducted using P < .05 in a two-way
cluster analysis (Euclidean distance and Ward's group linkage). Clinico-
pathological data were correlated via Spearman's correlation coeffi-
cient, whereas categorical variables were tested using the Freeman-
Halton test.

Methylation levels expressed as $ values were evaluated to iden-
tify significant DMPs applying the Benjamini Hochberg-corrected
false discovery rates (FDR adjusted) of g < 0.05 and g < 0.01 using the
R limma package. Significant DMPs were sought with a fold change of
>10% by comparing sample sets of primary adenomas without recur-
rence, primary adenomas with recurrence, recurrent adenomas, and
normal mucosa. Preselected CpG sites were filtered for top genes, that
is, the most differentially hyper- or hypomethylated CpG positions
that harbor the greatest potential as informative biomarkers. We con-
sidered probes with Ap 2 |0.1] and which are not located on sex chro-
mosomes to eliminate a gender-specific bias.

Overlapping DMPs across the comparisons were identified using
the Venn diagram plotter software version 1.5.5 (https://omics.pnl.
gov). The distribution of DMPs was evaluated by categorizing the pro-
bes' positions according to their linear location to the nearest CpG
island: CGlI (stretch 0.5-2 kb), CpG shores (<2 kb from CGI), CpG
shelves (2-4 kb from CGI), and open sea (>4 kb from CGI).>°

Furthermore, DMP distribution was investigated clustering the probes
into gene regions comprising the proximal promoter [transcription
start sites (TSS-1500, TSS-200), 5’ untranslated region (5'UTR), first
exon (1st exon)], gene body, and 3’ untranslated region (3’UTR). The
chromosomal distribution of DMPs was assessed by plotting the num-
ber of hyper- and hypomethylated probes per chromosome.

A gene set enrichment analysis (GSEA) of the top gene DMPs was
conducted by correlating (applying an FDR of g < 0.001) the CpG
positions with the associated biological pathways of curated gene sets
using the Molecular Signatures Database (MSigDB; http://software.
broadinstitute.org/gsea/msigdb).3*

2.5 | Bisulfite pyrosequencing of selected CpG loci

The obtained methylation array results were orthogonally validated
via bisulfite pyrosequencing targeting eight CpG loci within a distinct
gene body region of GREM2 (Figure S1). The gene was selected for
validation as two of these CpG loci were listed among the most signif-
icant DMPs (cg.id = cg01809217; cg.id = cg02577267). Customized
forward and reverse assays were designed using the PyroMark Assay
Design software (Qiagen) (Table S1).

Bisulfite conversion of up to 1 pg of DNA was conducted by the
EpiTect Plus DNA Bisulfite Kit (Qiagen). Pre-PCR for initial fragment
amplification of 100 ng bisulfite-DNA was performed using the Pyro-
Mark PCR Kit (Qiagen) according to the manufacturer's protocol.
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Additionally, biotinylated primers (Sigma-Aldrich, St. Louis, MO) were
used for forward and reverse assays, respectively. The thermal profile
comprised 95°C for 15 minutes, accompanied by 45 cycles of 94°C
for 30 seconds, 56°C for 30 seconds, and 72°C for 30 seconds prior
to a final extension at 72°C for 10 minutes.

Next, the bead solution (5 pL Sepharose beads added to 35 plL
PyroMark binding buffer) and the sequencing primer solution (0.8 pL
primer [20 pm] added to 39.2 pL PyroMark annealing buffer) (Table S1)
were set up. The primer solution was applied into the wells of the
sequencing plate while the bead-solution was mixed with the pre-PCR
product (40 pL) and implemented in the PyroMark Q24 vacuum work-
station (Qiagen) as recommended by the supplier. Prior to initiation of
the sequencing reaction, the components of the PyroMark Gold Q%96
SQA Reagents Kit (Qiagen) were applied onto the PyroMark Q24 car-
tridge (Qiagen) according to the manufacturer's protocol. The car-
tridge and the sequencing plate were loaded into the PyroMark Q24
device (Qiagen) and the reaction was started. The results were ana-
lyzed by the PyroMark-Q-CpG software (Qiagen) as mean methylation
percentage per CpG loci. Sequencing reactions included bisulfite mod-
ification controls. A technical quality check for robustness and reliabil-
ity was routinely performed assessing internal control DNAs.
Methylation ratios were trichotomized (hypomethylated <33%,
medium 33-66%, and hypermethylated >66%), color coded, and plot-
ted per sample.3? Comparisons of methylation ratios of the CpG posi-
tions across various groups were tested via the Mann-Whitney U test
and Kruskal-Wallis test, respectively.

3 | RESULTS

3.1 | Methylation array analysis

A total of 69 colorectal adenomas and 3 normal mucosa specimens
were analyzed for DNA methylation using the HM450K array. A PCA
of the average f-value per sample exhibited a widespread distribution
that did not allow the separation of the sample groups according to
recurrence (Figure 1A). In addition, we performed an unsupervised
hierarchical cluster analysis based on the average g values of the pro-
bes resulting in three major clusters (Figure 1B). Cluster 3 showed a
stronger divergence compared with clusters 1 and 2. The sample
annotation revealed a very weak tendency to link cluster 3 to the sta-
tus of recurrence (P = .171; Figure 2A). With the objective to find an
explanation for the cluster affiliation of the samples, we dichotomized
the clusters (ie, clusters 1 and 2 vs 3) and investigated for correlations
with the clinical parameters: neither patient age (P = .496) nor ade-
noma localization (P =.837), nor right- and left-sided location
(P = .869), nor adenoma size (P = .671), nor patient gender (P = .511)
exhibited a correlation. Interestingly, dichotomized clustering revealed
a significant correlation to the histological subtype (P =.008;
Figure 2B). Although clusters 1 and 2 were dominated by 83.3%
(40/48) of adenomas with tubulovillous/villous histology, cluster 3 har-
bored a balanced number of tubulovillous/villous (50%; 12/24), and
tubular adenomas (41.7%; 10/24), respectively. The comparison of

the clusters 1 + 2 vs 3 by mean g values per sample provided a

differential methylation of Amean_g = 0.017 (0.676 + 0.036 vs 0.693
+0.028; P = .053).

3.2 | ldentification of DMPs

The filtered probes of the HM450K were used to identify DMPs via
the FDR across the adenoma subgroups (Table 3). Neither the com-
parison of primary adenomas without recurrence vs primary adeno-
mas with recurrence, nor the comparison of primary adenomas vs the
corresponding recurrent adenomas (matched pairs), nor the compari-
son of primary adenomas without recurrence vs adenomas associated
with recurrence (primary and recurrent) showed any significant DMPs
(Table 3). However, comparison of recurrent adenomas vs primary
adenomas with recurrence revealed 2415 (0.7%) DMPs of 329 573
assessed CpG sites (comparison A, FDR<0.05; Table 3). Interestingly,
99% of DMPs were hypermethylated in recurrent adenomas com-
pared with the primary adenomas with recurrence (Figure S2A). More-
over, comparison of recurrent adenomas vs all primary adenomas
exhibited 575 (0.2%) DMPs (comparison B, FDR<0.05; Table 3). The
DMPs present in the recurrent adenomas were nearly completely
(99%) hypermethylated (Figure S2B). As expected, colorectal adeno-
mas displayed 9266 (2.8%) DMPs in comparison with normal mucosa
samples (comparison C, FDR<0.05; Table 3). More than two-thirds of
the DMPs (73%) were hypermethylated in colorectal adenomas com-
pared with normal mucosa (Figure S2C).

The total of 12 256 DMPs (FDR <0.05) was tested for overlaps
across the comparisons A-C, which unveiled 17 CpG sites in 14 genes
(Figure 3A): MPPED1, AACS, FARP1, SMARCA4, TTC25, SIDT2, NUMBL,
ABCC12, TBC1D12, ZNF655, ABCC5, MUSTN1, AMZ1, and RASL11A.

To identify the most diverging DMPs and biologically relevant
CpG positions, we filtered the DMPs once again by excluding probes
with a fold change <10%. This resulted in 5094 DMPs composed of
comparison A (674; 98% hypermethylated), comparison B (241; 99%
hypermethylated), and comparison C (4,179; 46% hypermethylated)
(Figure 3B). The CpG probes were separated into 2824 (55.4%) hyper-
methylated and 2270 (44.6%) hypomethylated DMPs. The stringent
filtering via Ap > |0.1] provided 35 top gene-DMPs for comparison A
(Table S2), 7 top gene-DMPs for comparison B (Table S3), and 347 top
gene-DMPs for comparison C (Table S4). The top gene-DMPs of com-
parison A were further used to distinguish the matched pair cases of
primary adenomas and the corresponding recurrent adenomas
(Figure S3). The top gene-table of comparison A uniquely listed 30 of
35 (85.7%) DMP-associated genes (Table S2). However, two DMPs
were in the open sea of TMEM85 (transmembrane protein 85),
whereas three DMPs were found in a CGl of the gene body of
GREM2. The gene codes for Gremlin2, a member of the DAN family
(differential screening-selected gene in neuroblastoma), of BMP (bone
morphogenetic protein) antagonists and TGF-B modulators. The rele-
vance of the TGF-B/BMP axis was further underpinned by BMP3
being listed among the top genes. Therefore, we selected the GREM2-
associated CpGs ¢g01809217 (A = 0.103; g = 0.026) and
cg02577267 (Ap = 0.101; q = 0.048) as validation targets.
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3.3 | Genome-wide distribution of DMPs

The distribution of DNA methylation across the genome was investi-
gated by classifying the genomic localization of the DMPs concerning
the nearest CGl and the linear direction of either up- or downstream
(ie, north or south), respectively. The total count of 5094 DMPs
(Figure 3B) was filtered for probes, which were shared by two or more
comparisons leaving 4917 unique CpG sites. The overview exhibited
an unequal distribution of DMPs with an enrichment of hyper-
methylated DMPs in CGls (33.7%; 1655/4917), whereas DMPs in
open sea regions were predominately hypomethylated (24.1%;
1186/4917) (Figure 4A). Next, the localization of DMPs was analyzed
by ratios of hypermethylation vs hypomethylation, which demon-
strated an excess of hypomethylation in open sea and shelf regions
(83% and 79%, respectively), while, in contrast, DMPs in CGls were
hypermethylated in 86% (Figure 4B). The genomic distribution of

DMPs classified by individual comparisons showed that differences

9 global, P=0.171 g P=0.008
> 1004 < 100+
X o
2 2
80 80
: :
>
2 601 2 60
E °
8
5 40 s 404
c
©
204 | n=10 n=11 =9 2 50 n=10
g n=7
g 0 T T T 2 T T
< Cluster 1 Cluster 2 Cluster 3 » Cluster 1+2 Cluster 3
Heat map group Heat map group
33 Primary adenomas w/o recurrence (n=30) histologic subtype
@ Primary adenomas w/ recurrence (n=29) 3 tubular
B Recurrent adenomas (n=10) B tubulo-villous/villous
E normal

FIGURE 2 A, Cluster groups displayed a weak linkage to an
unequal distribution associated with recurrence (Freeman-Halton
test). B, Dichotomized clustering of the specimens was significantly
associated with the histologic subtype (Freeman-Halton test). Cluster
1 + 2 was dominated by colorectal adenomas with
tubulovillous/villous histology

among the DNA methylation occurred predominately in CGls (com-
parison of A and B), whereas comparison C exhibited a balanced dis-
tribution of DMPs across the genome (Figure 4C). An analysis of the
functional genomic regions unveiled that DMPs localized in the proxi-
mal promoter (ie, upstream of TSS, 5’UTR, and first exon) were most
frequently hypermethylated (Figure 4D). DMPs in the gene body were
most abundant and frequently hypomethylated (Figure 4D) although
the average numbers of probes per functional region on the HM450K
varied for the proximal promoter (15.2), gene body (9.9), and 3'UTR
(1.5), respectively. The unequal distribution of hyper- and hypo-
methylated probes was further confirmed by plotting the ratio of hyp-
ermethylated vs hypomethylated DMPs, which demonstrated
frequent hypermethylation within the proximal promoter and an
excess of hypomethylation in gene body and 3'UTR (Figure 4E). The
distribution of functional gene regions per comparison confirmed an
apparent excess of DMPs localized in proximal promoter regions
(Figure 4F). The distribution of DMPs across the autosomal chromo-
somes demonstrated the highest frequency for chromosome 1 (Fig-
ure 4G), as this is the largest chromosome with a high gene density.
Notably, the ratio of hyper- and hypomethylated DMPs was unbal-
anced for chromosomes 8, 14, and 19, respectively, while the ratios

were equalized for other chromosomes.

3.4 | Functional pathway enrichment of DMPs

The gene annotations of the DMPs identified by individual compari-
sons (Figure 3B) were analyzed via GSEA for common pathways and
biological functions. Comparison A revealed a highly significant
(g = 0.001) association comprising 340 genes of 25 pathways and
gene ontologies (Figure 5A). The most common genes were involved
in the immune system (n = 44; q = 2.9 x 10~%), the adaptive immune
system (n = 32; 4.8 x 107%) and inflammation-mediated chemokine
and cytokine pathways, for example, IL2 pathway (n = 9; g = 2.1 x
107°) (Figure 5A). Adenoma recurrence might be further associated
with cellular survival and growth as indicated by involvement of the
mTOR pathway (n = 9; g = 6.9 x 107>) and cell cycle pathways
(h = 19; g = 7.3 x 10™%. Comparison B provided two pathways

TABLE 3 Significant DMPs in adenoma groups
Significant DMPs (n)

# Specimen groups Sample number Description FDR <0.01 FDR <0.05

1 Primary adenomas without recurrence vs 30 vs 29 0 0
primary adenomas with recurrence

2 Matched pairs: Primary adenomas with 10vs 10 0 0
recurrence vs recurrent adenomas

3 Primary adenomas without recurrence vs primary 30 vs 39 0 0
adenomas with recurrence and recurrent adenomas

4 Recurrent adenomas vs 10 vs 29 Comparison A 22 2415

primary adenomas with recurrence

5 Recurrent adenomas vs primary adenomas 10 vs 59 Comparison B 54 575
with and without recurrence

6 Colorectal adenomas vs normal mucosa 69 vs 3 Comparison C 5457 9266
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(A) Comparison A
[recurrent adenomas
(n=10) vs. primary
adenomas w/ recurrence
(n=29)]

[recurrent adenomas
(n=10) vs. primary
adenomas w/ and w/o
recurrence (n=59)]

1,879 446 109

Comparison C
[colorectal adenomas (n=69)
vs. normal mucosa (n=3)]

Comparison B (B)

Total=674 CpG positions
Comparison A

Comparison A

L Comparison B

82% Comparison C

Total=5,094 CpG positions

<>

2%

54% 46%

99%

Total=241 CpG positions
Comparison B

- hypomethylated

Total=4,179 CpG positions
Comparison C

- hypermethylated

FIGURE 3 Distribution of DMPs. A, The Venn diagram displays the overlapping DMPs across the comparisons A, B, and C, respectively. B,
The upper pie chart shows the distribution of the DMPs among the three comparisons. The portion of hyper- and hypomethylated DMPs per
comparison is detailed in the pie charts [Color figure can be viewed at wileyonlinelibrary.com]

(g < 0.001) based on 31 genes: the immune system (n = 21; g = 2.1 x
107%) and cytokine signaling in the immune system (n = 10; g = 9.3 x
10~%) (Figure 5B). Comparison C provided 34 highly significant path-
ways associated with 1022 genes (Figure 5C). Differential genes
between adenomas vs normal mucosa encoded, notably, for proteins
of the extracellular matrix (ECM) (n = 84; q = 5.8 x 107*%) and core
ECM proteins (n = 32; g = 2.4 x 107%). However, targets of tumorigen-
esis were identified such as pathways in cancer (n = 39; g = 3.4 x
10719, MAPK signaling (n = 34; g = 1.0 x 107°), and p53 signaling
(n = 13; g = 1.3 x 107°) (Figure 5C). As before, genes involved in the

immune system and adaptive immune system were enriched.

3.5 | CpG methylation by pyrosequencing

Locus-specific methylation alterations of eight CpG dinucleotides in
the gene body of the validation candidate GREM2 were evaluated by
pyrosequencing (Figure S1). Bisulfite-converted DNAs of primary ade-
nomas with (n = 15) and without (n = 9) recurrence, and recurrent
adenomas (n = 4) were analyzed for GREM2 gene body methylation
frequencies (Figure 6A). Detected GREM2 methylation frequencies
displayed a high sample variance as 14.6% (28/192) of CpG sites were
hypomethylated (<33%), 49.5% (95/192) of CpGs were medium-
methylated (>33%-66%), and 35.9% (69/192) were hypermethylated
(>66%). The mean methylation frequency per CpG sites 1-4 was cal-
culated and showed similar ratios for primary adenomas with and
without recurrence while recurrent adenomas exhibited slightly higher
values (Figure 6B). On the contrary, methylation frequencies of CpG

sites 12-15 were rather heterogeneous with recurrent adenomas,

displaying lower frequencies than primary adenomas with and without
recurrence (Figure 6C). Although CpG 2 demonstrated the highest
methylation ratio (mean, 70% + 18%), CpG 13 showed the lowest
ratio (mean, 38% + 15%). The HM450K data of the average
B-methylation of CpG 1 of GREM2 (cg01809217) was validated by
pyrosequencing for recurrent adenomas [(& Brmasok = 0.716; n = 10)
VS (D Ppyros = 0.753; n = 4)] and primary adenomas with recurrence
[(D Prmasok = 0.613; n = 29) vs (D Ppyros = 0.687; n = 14)].

The median methylation frequency by individual CpG sites 1-4
sorted by adenoma groups did not show a difference (P =.590)
(Figure 6D). However, recurrent adenomas tended to be slightly more
hypermethylated compared with primary adenomas with (P =.312)
and without (P = .406) recurrence. Comparing the median methylation
levels of the individual CpG sites 12-15 sorted by groups demon-
strated a highly significant difference among the adenoma groups
(P =.002) (Figure 6E). Moreover, recurrent adenomas were hypo-
methylated compared with primary adenomas with (P =.003) and
without (P = .004) recurrence.

4 | DISCUSSION

Methylation of CGl is a mechanism for suppressing gene transcription
in cancer including colorectal neoplasia.>®> Many tumor suppressor
genes are hypermethylated at CpG-dense promoters, which are,

1634 It is also now accepted

therefore, silenced in colorectal tumors.
that methylation assays can be applied for CRC screening. The FDA
approved a SEPT9 gene methylation assay in 2016 as an additional

CRC screening option to be considered for patients who have a
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history of an intermittent completion of colonoscopy and fecal occult adenomas for prediction of adenoma recurrence. We surmised that a
blood tests.3> Thus, this study sought to discover aberrantly methyl- genome-wide CpG analysis using the HM450K array should unveil a

ated CpG dinucleotides in the methylome of primary colorectal methylation pattern associated with adenoma recurrence. However,


http://wileyonlinelibrary.com

FIEDLER €T AL Wl LEY 793

FIGURE 5 Distribution of DMPs (A)
according to their gene ontology. The
circle plots show the frequency of gene-
associated DMPs and their

Comparison A
[recurrent adenomas
(n=10) vs. primary

adenomas w/ recurrence Selected were DMPs which scored

pathway/gene ontology for (matched and non- fold change >10% and g-value <0.05
(A) comparison A, (B) comparison B, and matched; n=29)] o)
(C) comparison C, respectively. The Listed are pathways with FDR
pathways were ordered by significance g-value <0.001

(n=25)

and not by the frequency of genes
involved. Pathway annotations relate to

the database entry: 1, NABA; 2, KEGG; Pathway annotation (GSEA gene set names)

Insulin signaling pathway2
Ubiquitin-mediated proteolysis2
Hemostasis®

Metabolism of lipids and Iipoproteins3

Cell cycle mitotic®

E-cadherin nascent adherens junction pathway"
Host-interactions of HIV factors®

3, REACTOME; 4, PID; 5, SIG; Bl |mmune system® BN NGF signaling via TRKA from the plasma membrane®
6, BioCarta [Color figure can be viewed BN Adaptive immune system® 3 Cell cycle®
at wileyonlinelibrary.com] £ 12 pathway’ 1 TFF pathway®

B |14 receptor in B-Iymphocytes5 B Antigen processing ubiquitination proteasome degradation3

- Class | MHC-mediated antigen Bl Neurotrophin signaling pathway2

processing presentation® 3 Insulin pathway®

3 ER phagosome pathway3 L [¥} pathway6

B Signaling by NGF® B Developmental biology®

BN MTOR pathway* 3 |L2-Rp pathway®

/| -

[~ ] ]

== =

[ ] -

Antigen processing-cross presentation3

(B) Comparison B
[recurrent adenomas

(n=10) vs. primary
adenomas w/ and w/o
recurrence (n=59)]

Selected were DMPs which scored
fold change >10% and g-value <0.05
(n=241)

Listed are pathways with FDR
g-value <0.001
(n=2)
Pathway annotation (GSEA gene set names)

3 Immune system®
BN Cytokine signaling in immune system®

(C) Comparison C
[colorectal adenomas
(n=69) vs. normal

mucosa (n=3)] Selected were DMPs which scored
fold change >10% and g-value <0.001

(n=1,584)

Listed are pathways with FDR
g-value <0.001
(n=34)

Pathway annotation (GSEA gene set names)
Matrisome’

Pathways in cancer?

MAPK signaling pathway?

Calcium signaling pathway2
Metabolism of lipids and lipoproteins
Core matrisome’

Developmental bioIogy3

Axon guidance®

Neuronal system3

Phospholipid metabolism®

GPCR ligand binding®

Signaling by GPCR®

Matrisome associated'

Immune system3

p53 signaling pathway?
Extracellular matrix glycoproteins’
Neuroactive ligand receptor interaction?

Generic transcription pathway3

Adaptive immune system®

Peptide and ligand binding receptors3

GPCR downstream signaling®

Cytokine cytokine receptor interaction?

Focal adhesion?

Transmission across chemical synapses3
Voltage gated potassium channels®
Gastrin-CREB signaling pathway via PKC & MAPK®
SLC-mediated transmembrane transpoﬁ3
Glycerophospholipid biosynthesis®
Dorso-ventral axis formation?

Class A/1 (rhodopsin-like receptors)3
Transmembrane transport of small molecules®
Androgen receptor pathway“

Extracellular matrix regulators’

AVB3 integrin pathway"

3

fngoaoomomnponRponmln
iopaonngnaooenpgnmnRgp



http://wileyonlinelibrary.com

7 | WILEY

FIEDLER ET AL

(A) CpG# 1 2 3 4

P2
1]
1
=

§3 Adenoman2@—@—0@—@ o—O0—9o—o
S Q® AdenomaA5@—@—@—@----- *—O0—0—@
E :.5_; Adenoma A2 O——O—O——O----- O0—0—0—=0
ES  Aderomanss@—@—@—O----- —O0—O0—@
@ = *—0—0—0

Adenoma A38

Adenoma A3 @—@—@—O-----

@ Adenoma A24 @—@—@—O -
g § Adenoma A20 O——O—O—O----- Oo—O0O—0—0
S &  Adenoma A30 o—O O O -
T3 AdenomaAde@—@—@—@----- o—0o0—0—@
g E Adenoma A7 @—@—@—O-----
ET  Adenomars0o O—@—O—@----- o—e 9 ®
o Adenoma A52 O——O—O—O----- o—e O )
Adenoma A53 @—@—@—O----- o0—0 @ ®
Adenoma P2a O——O——O——@----- o—o—0—0
Adenoma P4a @—@—@—O----- o0—O O 15)
Adenoma P5a @ 9 @ 'S @ o @ )
£ @ Adenoma A29b o—0— 0 0 -
E g Adenoma A53b @—@—@—O----- o—0—0—0
§& Adenomapi @—@—@—O-----
x s Adenoma Psb O——O—O—@----- o—e—0o—o
degree of methylation
0% 100%
@ L [ )
(D) l
E 100+
=
S .
2 80 o
E ~
£y
>, 60
°c 9 N
o2 _
2% o
2@ 407 .
[T . - N
90 o
8% 20] !
& % global, P=0.590
(D O -| T T
d d 3
S @ o (\06\
® & ISRY R
KN > @ &
& ?z(p & Mo ESIPN
& KL //Q, &L @ ,,\03 \><\ \(\/
Q\ 0\) & N RS o)
& &8 @

®
g

33
T

=N oW
bW

o

1 2 3 4
CpG position (n)

GREM2 gene body methylation (%)
n
o

&~ Primary adenoma w/o recurrence (n=9)
-#- Primary adenoma w/ recurrence (n=15)

—— Recurrent adenoma (n=4)

9

)

= 807

S 704

= ®
E‘GO- e @

s 50_

£

2 404

o

Q30] A
Q

& 203

(=2}

N 3

810

& ol . T .
7] 12 13 14 15

CpG position (n)

@~ Primary adenoma w/o recurrence (n=7)
-#- Primary adenoma w/ recurrence (n=11)
—4— Recurrent adenoma (n=2)

(E) | P=0.004 |
P=0.042
P=0.003
S 100~ .
S = .
2T 804 -
ie :
Z< 607
e 8
2 A
2% 40] e
82 . .~ %
™ 8 204 .
=% .
. lobal, P=0.002
g 0 . 1 global, ]000
Qo'*‘{b 5 00&0‘3 Qo‘&
R @ﬂ\ & O 3
& o 3 &@ IS
AN SN & (\,,'L
Qk\ & & A & Q,CP &
«i\‘(\ &N <&

FIGURE 6 GREM2 CpG methylation by pyrosequencing. A, Detected methylation values are depicted as lollipops resembling the color-coded
degree of methylation from low to high (ie, hypo- to hypermethylation) in trichotomized order (green < orange < red). Not determined (N.D.)
methylation levels of REV-assay CpG sites are shown as straight lines. B, Quantitative GREM2 gene body methylation analysis of four CpG
dinucleotides (FOR-assay) in primary adenomas with and without recurrence, and recurrent adenomas. Data points represent the mean
methylation frequency per CpG and subgroup. C, Quantitative GREM2 gene body methylation analysis of four CpG dinucleotides (REV-assay) in
primary adenomas with and without recurrence and recurrent adenomas. D, Plotting the individual methylation frequencies of CpG sites 1-4 did
not show differences (median with IQR; Mann-Whitney U test; global, Kruskal-Wallis test). E, The individual methylation frequencies of CpG sites
12-15 showed a significant difference across primary adenomas with and without recurrence (median with IQR; Mann-Whitney U test; global,

Kruskal-Wallis test) [Color figure can be viewed at wileyonlinelibrary.com]
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PCA and unsupervised hierarchical clustering of the mean p-values
based on 329 573 CpG sites did not separate the specimens by recur-
rence groups. Neither were primary adenomas without recurrence
discernable from primary adenomas with recurrence nor were there
any significant changes in primary adenomas vs the corresponding
recurrent adenomas (matched pairs). Instead, the individual methyla-
tion status is so variable that such a complicated process like recur-
rence prediction could not be attributed to a specific methylation
pattern. Even within a single group, for example, primary adenomas
without recurrence, we observed a high degree of variability among
DMPs. This seems contradictory to the findings of Rengucci and col-
leagues who identified the promoters of MLH1, ATM, and FHIT to be
hypermethylated in adenomas with high recurrence risk.2® However,
this risk assessment was based on assumptions and not on real clinical
follow up data, which could explain the discrepancies to our findings.

Our analysis of recurrent adenomas showed DMPs compared with
primary adenomas with and without recurrence. Even though these
differences cannot predict recurrence, they suggest that recurrent
adenomas develop through significant changes in the methylation pat-
tern. The DMPs of the comparison between recurrent adenomas vs
primary adenomas with recurrence were almost entirely (98%) hyper-
methylated. The pathway analysis and GSEA discovered that altered
DMPs of recurrent adenomas were predominantly associated with
the immune system and cytokine signaling in the immune system. This
observation is consistent with many reports claiming that endoscopic
resection initiates inflammatory processes, which are a hallmark of
tumor development and recurrence.®”#* However, it remains unclear
whether the increased methylation of genes involved in immune sys-
tem pathways is directly correlated with activated inflammatory pro-
cesses as protein expression patterns were not investigated.

The comparison of colorectal adenomas vs normal mucosa revealed
4179 DMPs. Several of the observed targets of differential methylation,
for example, AXIN2, DKK3, GRIA4, MLH1, SEPT9, SFRP1, SLC8A1, and
SYN3, were also reported in recent studies.?*2*3 Additionally, our study
confirmed earlier publications that DMPs are not randomly distributed
within the genome!®?23% DMPs in CGls were frequently hyper-
methylated while open sea and shelf regions were hypomethylated;
proximal promoter regions were more frequently affected by
hypermethylation compared with gene body and 3'UTR, which were
found to be targeted by hypomethylation. This fact is linked to the cur-
rent understanding of alterations in tumors suggesting an association of
gene silencing with promoter hypermethylation, whereas gene transcrip-
tion is associated with gene body hypomethylation.'® However, DNA
methylation of gene bodies might also be involved in differential pro-
moter usage, alternative splicing, or the prevention of transcription initia-
tion.” Thus, hypermethylation within the gene body of GREM2 in
recurrent adenomas vs primary adenomas with recurrence could indicate
a gene silencing leading to deregulation of the BMP axis and WNT-
pathway disruption.** We discovered a discrepancy of the mean p values
of recurrent adenomas in probe cg02577267 when comparing the
results obtained via pyrosequencing and HM450K. This is because of the

less representative number of samples analyzed by pyrosequencing.

Furthermore, we could detect that the hierarchical clustering (meth-
ylation g values) of specimens showed a significant difference in the dis-
tribution of adenomas with tubular histology compared with adenomas
with tubulovillous/villous histology. It is known that the frequency of
methylated genes is higher in histologically advanced adenomas com-
pared with hyperplastic polyps and low-grade adenomas.*® However,
the differentiation of histological subgroups based on their methylation
pattern is novel. A Dutch register study demonstrated a considerable
interlaboratory variation in evaluating colorectal adenomas.*® Special-
ized gastrointestinal histopathologists showed only moderate
(kappa = 0.49) concordance in discriminating the different polyp forms of
the group of serrated adenomas.*” Thus, an expert panel proved that
morphological criteria alone are not sufficient but can be improved by
including molecular data like BRAF or KRAS mutation status.*® Addition-
ally, a meta-analysis indicated that hypermethylation of p16 might be an
unfavorable biomarker for CRC patients.*” Recent studies about brain
tumor classification showed that the analysis of methylation patterns
could be highly relevant for precise diagnostics and treatment sugges-
tions.>®>! The same holds true for sarcoma diagnostics and allows a
more precise classification of undifferentiated and small blue round cell
tumors with array-based DNA-methylation profiling.>2

The here presented finding that adenoma morphology differs by
DNA methylation might provide the opportunity for enhancing the
accuracy of the up to now mainly morphology-based classification of

colonic adenomas.
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