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ABSTRACT

Physiological ageing and tumorigenesis are both associated with epigenomic alterations in
human tissue cells, the most extensively investigated of which entails de novo cytosine methyla-
tion (i.e, hypermethylation) within the CpG dinucleotides of CpG islands. Genomic regions that
become hypermethylated during tumorigenesis are generally believed to overlap regions that
acquire methylation in normal tissues as an effect of ageing. To define the extension of this
overlap, we analysed the DNA methylomes of 48 large-bowel tissue samples taken from women of
different ages during screening colonoscopy: 18 paired samples of normal and lesional tissues
from donors harbouring a precancerous lesion and 12 samples of normal mucosa from tumour-
free donors. Each sample was subjected to targeted, genome-wide bisulphite sequencing of
~2.5% of the genome, including all CpG islands. In terms of both its magnitude and extension
along the chromatin, tumour-associated DNA hypermethylation in these regions was much more
conspicuous than that observed in the normal mucosal samples from older (vs. younger) tumour-
free donors. 83% of the ageing-associated hypermethylated regions (n = 2501) coincided with
hypermethylated regions observed in tumour samples. However, 86% of the regions displaying
hypermethylation in precancerous lesions (n = 16,772) showed no methylation changes in the
ageing normal mucosa. The tumour-specificity of this latter hypermethylation was validated using
published sets of data on DNA methylation in normal and neoplastic colon tissues. This extensive
set of genomic regions displaying tumour-specific hypermethylation represents a rich vein of
putative biomarkers for the early, non-invasive detection of colorectal tumours in women of all
ages.
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Introduction :
affecting KRAS or BRAF) as well as DNA methyla-

tion alterations associated with colorectal neopla-
sia [8-10]. Like most human cancers, CRCs

Colorectal cancer (CRC) is one of the most fre-
quently diagnosed malignancies throughout the

world and it continues to be a major cause of
cancer-related mortality (https://gco.iarc.fr/)[1].
And yet, owing to its slow progress, it is also
a singularly preventable disease. Although symp-
toms are generally absent until the disease has
reached an advanced stage, the onset of invasive
disease is preceded by 5-15 years in which benign
CRC precursor lesions can be detected in the colon
via colonoscopy and, more recently, via stool or
blood assays for biomarkers of colorectal tumours
[2-7]. Molecular markers used for this purpose
include specific genetic mutations (e.g., those

consistently exhibit diffuse loss of DNA methyla-
tion in genomic regions that are methylated in
normal colon mucosa. This hypomethylation is
accompanied by de novo methylation of genomic
regions that are generally unmethylated in normal
tissues. Hypermethylation is a more topographi-
cally restricted phenomenon that mainly affects
CpG islands, including those located in gene pro-
moters. In a few cases, this hypermethylation is
associated with loss of expression of the affected
gene, an important consideration if that gene has
tumour-suppressor properties.
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CRC-associated alterations in the DNA methy-
lome can also be detected (albeit in a milder, less
extensive form) in the precancerous lesions that
give rise to these cancers, i.e., conventional adeno-
mas (cADNs) in most cases but also sessile ser-
rated lesions (SSLs, previously termed SSA/Ps) that
develop along the so-called serrated pathway of
colorectal tumorigenesis. For example, a subset of
sporadic CRCs found in the proximal colon are
characterized by the typical gain-of-function
BRAF V600E mutation, a conspicuous excess of
cytosine methylation involving CpG islands (the
so-called ‘CpG island methylator phenotype’
[CIMP] [11-14]), and in many cases hypermethy-
lation-mediated silencing of the DNA mismatch
repair gene MLHI [15,16]. The SSLs that give
rise to these cancers already harbour the
BRAFV600E mutation as well as an obviously
altered DNA methylome [17,18]. The Ilatter,
which we refer to as proto-CIMP, is characterized
by striking CpG-island hypermethylation that
clearly exceeds that observed in cADNs but is
less conspicuous (in both the magnitude of the
alteration and its extension along the chromatin)
than that seen in CIMP(+) CRCs [19]. The transi-
tion from SSL to cancer is usually (but not always)
caused by the epigenetic silencing of the MLHI
gene. This transition is believed to occur over
a relatively short period of time (owing to the
rapid accumulation of sources of genetic instability
caused by the DNA mismatch repair defect), and it
occurs more frequently in women [13,20,21].

Small but significant increases in cytosine
methylation within the CpG island encompassing
the MLHI promoter have also been reported by
our group in the normal proximal-colon mucosa
of elderly women [22]. This finding suggests that,
in the cells of an SSL arising in such tissue, the
MLH1 promoter might be predisposed to CIMP-
dependent silencing, since genomic loci displaying
DNA methylation in sporadic cells of healthy age-
ing tissues tend also to be methylated in tumours
arising from these tissues. This phenomenon has
been reported also for other genes such as ER,
IGF2, N33 and MYOD [23-25].

Normal tissue ageing is accompanied by pro-
gressive changes in the CpG-site methylation
[26,27]. In several tissues, including the large
intestine, differences in this methylome ageing

process have been linked to both sex and anato-
mical site [28-31]. In general, however, loss of
methylation is more frequent in lamin-associated
domains, which contain repetitive sequences and
are gene-poor, whereas hypermethylation mainly
affects CpG islands that are typically unmethy-
lated, particularly those located in Polycomb
Repressive Complex 2 (PRC2)-targeted genomic
regions [26,32-39]. This ‘epigenetic drift’ occurs
in human tissues with diverse proliferation profiles
(e.g., the small and large intestines, bone marrow,
blood, spleen, brain) [27,31,36,40], and it appears
to be conserved across species [41-44]. It appears
to be unrelated to cellular senescence, proliferation
and terminal differentiation, or telomere mainte-
nance and DNA damage signalling. Instead, it has
been linked to energy metabolism, the mTOR sig-
nalling pathway and hormonal homoeostasis, and
it may be subject to modulation by lifestyle inter-
ventions [45-51].

Sets of methylation changes (increases as well as
decreases) at certain CpG sites have been identi-
fied as ‘DNA methylation clocks’” capable of pre-
dicting the biological (as opposed to
chronological) age of a tissue [28,35,40,52].
Deviations from chronological age include decel-
erations (associated with a longer, disease-free life
expectancy for the tissue) and accelerations (linked
to more frequent and/or earlier onset of disease,
including cancer) [26,38,45,46,51,53-55]. The life-
time cancer risk for normal tissues correlates posi-
tively with their average CpG island methylation
values [39]. Consequently, whereas the prolifera-
tion rates in the intestinal epithelia of both the
small and large bowel is among the highest
reported in human tissues, epigenetic ageing rates
are higher in the colon [56], where the cancer
incidence substantially exceeds that of the small
intestine.

Studies conducted in the last two decades to
characterize ageing- and/or tumour-associated
changes in DNA methylation have generally relied
on Illumina arrays that interrogated the methyla-
tion status of ~27,000 or ~450,000 of the
~28 million CpG sites of the human genome.
While these tools allow reliable determination of
the methylation status at specific CpG sites, they
provide no details on the extension of such epige-
netic change. CpG islands and gene promoters, for



example, contain far more CpG sites than those
covered by the arrays cited above. Not surprisingly
then, few of the CpG sites they captured proved to
be hyper- or hypomethylated in ageing normal
tissues [27,29,31,36,50,57,58]. And if we consider
that methylation changes occur in stretches of
neighbouring CpG sites [59,60], it is clear that
the array-based findings underestimated the num-
ber of CpG sites whose methylation status changes
with age.

In this study, we explored human colorectal-cell
methylome changes in colonoscopically collected
samples of precancerous lesions and normal
mucosa from women of different ages. A genome-
wide bisulphite sequencing approach was used to
assess CpG methylation changes in an area com-
prising ~2.5% of the genome and characterized by
enrichment for CpG islands and shores as well as
gene promoters — areas in which hypermethylation
is known to occur during tumorigenesis and/or
ageing. Our objective was to topographically dis-
entangle ageing- and tumorigenesis-related forms
of hypermethylation - more specifically, to iden-
tify genomic regions in which aberrant methyla-
tion occurs exclusively within the context of
colorectal tumorigenesis and not as a result of
normal colorectal mucosal ageing. These regions
of tumorigenesis-specific hypermethylation should
be highly promising candidates for the develop-
ment of biomarkers for the early detection of
colorectal tumours in patients of all ages.

Methods

Fresh colon tissues were prospectively collected
during screening colonoscopies performed at
Cremona Hospital (Italy) or Zurich Triemli
Hospital (Switzerland). To eliminate the possibility
of confounding effects related to the sex-related
variability in methylome ageing mentioned above
[28-31], we restricted our analysis to tissues col-
lected from female screenees. The study protocol
was approved by both hospitals’ research ethics
committees, and donors provided written consent
to tissue collection, testing, and data publication.
The samples were numerically coded to protect
donors’ rights to confidentiality and privacy.

The characteristics of the 48 tissue samples ana-
lysed are summarized in Table 1. Normal mucosal
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biopsies (NM) from the proximal and distal colon
were taken from six women with no neoplastic or
inflammatory alterations in any area of the gut
(three who were <40 years old [younger tumour-
free donors or TF-Y] and three other who were
>70 [older tumour-free donors or TF-O]). The
remaining 18 donors were women whose colono-
scopy revealed a precancerous tumour (cCADN or
SSL) in the proximal colon but no evidence of
cancer. In each case, paired samples were taken
from the tumour surface (8 cADNs and 10 SSLs)
and the normal mucosa located in the same colon
segment but >2 cm from the tumour (8 cADN-
paired NM and 10 SSL-paired NM). All 18
tumours displayed Paris class Is or IIa morpholo-
gic features (i.e., sessile polyps and nonpolypoid
lesions that were slightly elevated above the sur-
rounding mucosa) [61], and had maximum dia-
meters of =10 mm (to ensure that sufficient tissue
was left for the histologic examination). Each tis-
sue sample was promptly placed in a tube filled
with AllProtect Tissue Reagent (Qiagen, Hilden,
Germany), held at 4°C overnight, and stored at
—80°C prior to the DNA extraction step done
with Qiagen’s AllPrep Mini Kit.

Genome-wide bisulphite DNA sequencing

DNA extracted from the tissues was analyzed for
cytosine methylation using an enrichment proto-
col that captured CpG-rich genomic loci from all
chromosomes, thereby allowing us to analyze an
~80-Mb segment of the genome containing ~2.7
x 10° CpG sites. To this end, we used a pre-
designed pool of probes that hybridized to each
locus presenting with any patterns of methylation
in its CpG sites.

Pre-capture libraries were created according to
Kapa Biosystems’ “adapter-ligation-first” protocol,
which was provided with the reagents for the
SeqCapEpi CpGiant system (Roche, Rotkreutz,
Switzerland). Sample DNA (1 pg) and a bisulfite-
conversion control consisting of the lambda
phage genome were placed in a Covaris
microTUBE AFA  snap-cap vial (Covaris,
Brighton, UK). The DNA sample was sheared
for 5 minutes using a Covaris S2 sonicator (duty
factor: 10%; peak incident power: 175 watts;
cycles per burst: 200) to obtain fragments with
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an average size of 180 to 220 bp. A 1-ul aliquot of
each sample was assessed on an Agilent 2200
TapeStation with D1000 ScreenTape and reagents
to verify successful sonication (Agilent, Basel,
Switzerland). End repair, A-tailing, ligation of
indexed methylated adapters, and dual-Solid
Phase Reversible Immobilization size selection
were carried out according to the SeqCapEpi
CpGiant protocol.

The libraries were bisulfite-converted using the
Zymo Research EZ DNA Methylation-Lightning
Kit (8 minutes at 98°C, 60 minutes at 54°C). The
whole elute from the spin column (22 pl) was then
PCR-amplified (2 minutes at 95°C, with 12 cycles
of 30 seconds at 98°C, 30 seconds at 60°C, 4
minutes at 72°C and then 10 minutes at 72°C,
and held at 4°C) in 30 pl of HiFi HotStart Uracil
Ready Mix and Pre-PCR Oligos (Kapa
Biosystems). PCR products were cleaned up with
AMPure beads and libraries were analyzed on the
Agilent 2200 TapeStation (as above).

For each sample, the SeqCapEpi hybridization
reaction contained the amplified DNA library,
universal and indexed blocking oligos, and the
bisulfite capture enhancer. After hybridization
(~70 hours), bead-capture, and serial washes, the
whole bead-bound DNA libraries were amplified
(45 seconds at 98°C, with 16 cycles of 15 seconds
at 98°C, 30 seconds at 60°C, 30 seconds at 72°C
and then 1 minute at 72°C, and held at 4°C) and
sequenced on an Illumina HiSeq2500 instrument
(Ilumina, San Diego, CA) together with a 10%
spike-in of a non-indexed PhiX library (Illumina,
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San Diego, CA). For each sample, we generated
a median of 50 million 125-bp paired-end reads
with 30X coverage.

After quality control and coverage filtering, this
protocol was used to analyze ~2.4 million CpG
sites (2,407,522) across all sequenced samples.
Forthy-four percent of these sites were located in
CpG islands, 19% were in CpG shores, and 6%
were in CpG shelves. The remaining 31% were
located outside the above three regions.

Preprocessing of bisulphite sequencing data

Sequencing reads were trimmed with Trim
Galore version 0.6.4 (http://www.bioinformatics.
babraham.ac.uk/projects/trim_galore/). Low-
quality reads (default Phred score: 20) were dis-
carded, and five base pairs were removed from
both the forward and reverse reads from the 3’
and 5’ orientations. Reads were aligned with the
GRCh37/hgl9 human reference genome using
Bismark, version v0.22.1 [62]. CpG-site methyla-
tion calls were generated with the Bismark
methylation_extractor to obtain a file containing
the total coverage and the number of methylated
reads at each CpG site on each strand. The
preprocessing steps were implemented as
a Snakemake workflow [63], which is available
at https://github.com/sorjuela/age_lesions_
females. The R package bsseq, version 1.24.1
[64] was used to import the Bismark outputs
into R. Sequencing reads from chromosomes
X and Y were excluded. CpG sites with fewer

Table 2. Colorectal tissue-group comparisons used to identify DMRs associated with colorectal tumorigenesis, normal mucosal aging,

and anatomic location of normal mucosa.

Comparisons Tissue samples compared

DMR
associations €

Adjustments
for:

i SSLs and cADNs VS. SSL- and cADN -paired NM —
(n=18) (n=18)
ii SSLs vs. SSL-paired NM
(n=10) (n=10)
iii cADNs VS. cADN-paired NM
(n=8) (n=8)
iv TF-O NM samples® Vs. TF-Y NM samples®
(n=6) (n=6)
v TF NMcgc samples VSs. TF NMgg samples
(n=6) (n=6)

Colorectal tumorigenesis
— SSL tumorigenesis

— cADN tumorigenesis
Anatomic location of NM

NM aging

Age group Anatomic location of NM

Abbreviations: cADNs, conventional adenomas; DMR, differentially methylated regions; NM, normal mucosa; NMcgc, NM from the cecum; NMg,g, NM
from the sigmoid colon; SSLs, sessile serrated lesions; TF, tumor-free; TF-O, older TF donors (>70 y): TF-Y, younger TF donors (<40 y).

NMcgc and NMg, samples from the 3 TF-O donors
bNMCEC and NMg, samples from the 3 TF-Y donors

“Tumorigenesis-specific DMRs were those identified in comparisons i, ii, and/or iii but not in comparisons iv or v


http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
https://github.com/sorjuela/age_lesions_females
https://github.com/sorjuela/age_lesions_females
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than 10 reads in 80% of the samples were
removed.

A multidimensional scaling (MDS) of the dis-
tances between the samples was made using the
cmdscale function from the stats R package (R
Core Team, 2020. R: A language and environment
for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria. URL
https://www.R-project.org/). The distances were
calculated using the arcsine-transformed methyla-
tion proportions. The Euclidean distance over the
top 10,000 most variable CpG sites was used to
summarize the difference between any two of the
48 tissue samples. The rgl R package (Adler
D. et al, 2020. rgl: 3D Visualization Using
OpenGL. R package version 0.100.54. URL
https://CRAN.R-project.org/package=rgl) was
used to generate a three-dimensional MDS plot.

Detecting tumorigenesis-, ageing-, and colon
segment-associated differential methylation

To identify differentially methylated regions
(DMRs) in precancerous colorectal lesions that
were tumorigenesis-specific (cADNs, SSLs, or
both), we used a two-step approach. First, the
R package dmrseq version 1.8.0 [65] was used to
analyze the five tissue subset pairs listed in
Table 2 (i.e., comparisons i, ii, iii, iv, and V).
(The following dmrseq parameters were specified:
maxPerms = 20, maxGap = 100, maxGapSmooth
= 1000, minNumRegion = 3.) Next, from the
DMRs identified as tumorigenesis-associated in
the first step (Table 2), we selected those that
were tumorigenesis-specific. The initial list con-
sisted on all DMRs identified in comparisons i,
ii, and/or iii that displayed no overlap with any of
the DMRs identified in comparisons iv and/or
v. This list was then filtered further to eliminate
those DMRs characterized by a mean methylation
level of >0.1 in normal mucosa AND
a methylation proportions change (as defined in
dmrseq, ie., the sum of the methylated reads
from all samples representing one condition
divided by the sum of all reads from all samples
representing the same condition) of <0.8 in com-
parisons i, ii, and iii.

Data were explored and analyzed with the
R packages GenomicRanges version 1.40.0 [66],

SummarizedExperiment version 1.18.2 (Morgan
M, Obenchain V, Hester ], Pagées H., 2020;
SummarizedExperiment:

SummarizedExperiment container, R package
version 1.18.2.) and plyranges version 1.8.0
[67]. Plots were generated wusing the
R packages ggplot2 version 3.3.0 [68], GGally
version 1.5.0 (Schloerke B, Crowley J, Cook D,
Briatte F, Marbach M, Thoen E, et al., 2020.
GGally: Extension to ggplot2. https://CRAN.
R-project.org/package=GGally) and
ComplexHeatmap version 2.4.2 [69]. Heatmaps
were drawn by averaging, for each sample, the
methylation values of CpG sites overlapping
CpG islands or gene promoters (located with
the annotation package annotatr version 1.14.0
[70]). UpSet plot DMR counts were calculated
using an interval tree algorithm implemented in
the ChIPpeakAnno package version 3.22.2 [71].

Preliminary validation of tumorigenesis-specific
hypermethylated DMRs

Public datasets generated with Illumina methylation
450k microarrays (GEO:GSE48684 [72], GEO:
GSE131013 [73], and COAD-TCGA, which was
accessed with the R package curatedTCGAData ver-
sion 1.12.0 [Ramos M, 2021; curatedTCGAData:
Curated Data From The Cancer Genome Atlas
(TCGA) as  MultiAssayExperiment  Objects.
R package version 1.12.0]) were used to validate
the specificity of the DMRs identified as ageing-
and colon-segment independent markers of the
DNA hypermethylation that occurs during color-
ectal tumorigenesis.

Microarray beta values were downloaded and pre-
processed using the R packages minfi version 1.34.0
[74] and IlluminaHumanMethylation450kanno.
ilmnl2.hgl9 version 0.6.0 (Hansen KD, 2016;
[NluminaHumanMethylation450kanno.ilmn12.hg19:
annotation for Illumina’s 450k methylation arrays.
R package version 0.6.0). For each sample, we aver-
aged the microarray beta values for all probes that
overlapped one of our tumorigenesis-specific DMRs
and used this value to create the heatmaps presented
in Figure 4. (Only tumorigenesis-specific DMRs
containing at least one microarray probe were
included in this analysis.) For each sample from the
microarray studies, we then calculated the median of


https://www.R-project.org/
https://CRAN.R-project.org/package=rgl
https://CRAN.R-project.org/package=GGally
https://CRAN.R-project.org/package=GGally

all the mean beta values of the probes overlapping
with each of our tumorigenesis-specific DMRs. The
result was a single beta-value signature for each
sample. Using the pROC package version 1.16.2
[75], we tested the ability of this signature to
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discriminate between tumour samples (cADNs or
CRCs - cases) and normal tissue (normal mucosa
samples — controls). Receiver operating characteris-
tic (ROC) curves were then plotted and the areas
under the curves (AUC) calculated to assess the

Age
Segment
Donor status

Tissue

1000 most variable CpG Islands

|

3833 TanoroNaronsT
s T ZzB88538353%5%
change

e

Age
<40
40-70
05 M >70
Segment
SIG
B AsC
W cEC

Donor status
TF
cADN
M ssL
Tissue
NM
Tumor

mean beta value

Segment
Donor status

1000 most variable CpG islands

Tissue

1 Age
<40
40-70

05 M>70
Segment

SIG

o Masc

M cec
Donor status
TF

mean beta value

CcADN
MissL
Tissue

NM

Tumor

samples (Table 1)

Figure 1. Methylomes of the colorectal tissues analysed. Unsupervised hierarchical clustering was performed based on the
methylation status of the 1000 CpG islands displaying the highest variability in the tissues analysed: 18 precancerous tumours from
the proximal colon (10 SSLs, 8 cCADNs) and 30 NM samples (18 from the SSL or cADN donors, 12 from TF donors). a. Heatmap of all
48 samples. In both precancerous tumour types, the 1000 CpG islands considered are far more methylated than in any of the four
groups of NM samples. SSLs and cADNs can also be distinguished from one other. b. Heatmap of the 12 NM samples from TF donors
(1 CEC + 1 SIG per donor). Hierarchical clustering was performed within each age group. The CpG islands were more highly
methylated in samples from TF donors >70 (TF-O NM) than in those from younger (<40y) TF donors (TF-Y NM). In both age groups,
caecal and sigmoid NM samples (TF NMcgc and TF NMgg) could also be distinguished. Abbreviations: ASC, ascending colon; cADN,
conventional adenoma; CEC, caecum; NM, normal mucosa; O, older; SSL, sessile serrated lesion; SIG, sigmoid colon; TF, tumour-free;

Y, younger.
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diagnostic accuracy of the beta value per sample in
each microarray dataset. Briefly, we plotted empiri-
cal ROC curves with the sensitivity on the y-axis and
specificity on the x-axis. These metrics were calcu-
lated at each possible threshold, i.e., each possible
median beta value. (Note that the x-axis ranges from
100 to 0; therefore, higher specificity values are
shown in the left-hand half of the graph.) We also
included in the plots the optimal threshold for each
dataset, i.e., the point on the ROC curve representing
the threshold with the highest possible specificity
(first percentage) and sensitivity (second percen-
tage). In addition, we calculated AUC, sensitivity
(TPR) and specificity (1-FPR) for each tumorigen-
esis-specific DMR.

Scripts for all analyses performed in R (version
4.0.0) are publicly accessible at https://github.
com/sorjuela/age_lesions_females/tree/master/
scripts.

Results

The 48 colorectal tissue samples included in this
study are thoroughly described in the Methods
section and Tables land 2. When all 48 samples
were subjected to multidimensional scaling
(MDS) based on the 10,000 CpG sites whose
methylation status varied most widely in these
tissues, the precancerous tumours were neatly
segregated from their paired samples of normal
mucosa (SSL-paired NM and cADN-paired NM)
(dimension 1), and clear separation of SSLs and
cADNs was also observed (dimension 2)
(Supplementary Figure 1). Unsupervised hierarch-
ical clustering based on the methylation status of
the 1000 most variable CpG islands across the 48
colon tissues also showed that the 18 precancer-
ous tumour samples could be clearly distin-
guished from the 30 NM samples (18 SSL- or
cADN-paired NM samples + 12 NM samples
from the six tumour-free donors [TF-NM])
(Figure 1a). In both precancerous tumour types,
the 1000 CpG islands considered are far more
methylated than in any of the four groups of
NM samples. Separation of tumours from NM
was also evident when we considered the methy-
lation status of the 1000 most variable promoters,
although tumorigenesis-associated hypermethyla-
tion was encountered less frequently in these

genomic elements than in CpG islands
(Supplementary Figure2a). In many promoter
regions, hypomethylation was also evident in
cADNs (compare Figure la with Supplementary
Figure 2a).

Analysis of the 30 NM samples revealed only
small differences related to donor age (<40; 40-
70; >70 years) or anatomical location (caecum
vs. sigmoid) (Supplementary Figure 3a and
Supplementary Figure 3b), confirming that the
methylation changes associated with tumorigen-
esis are more frequent and marked than those
related to NM ageing in different colonic seg-
ments. However, the methylation changes asso-
ciated with donor age and anatomical location
were more evident when we limited our com-
parison to the TF-O NM (NM of tumour-free
older women) and TF-Y NM (NM of tumour-
free younger women) samples (Figure 1b and
Supplementary Figure 2b).

Unsupervised analysis was also performed to
better explore methylation values and changes in
CpG islands that emerged from each tissue group
comparison. The methylation values for CpG sites
within CpG islands were considerably higher in
cADNs and SSLs than in donor-matched samples
of NM (Figure 2a). In the group of normal muco-
sal samples from the tumour-free donors, those
from women >70 displayed slightly higher methy-
lation levels than the samples from women <40. As
for the NM samples from the tumour-bearing
donors, methylation values were higher in those
from cADN donors than in SSLs donors, which is
consistent with the average ages of these two sub-
groups (71.6 vs 62.6 years, respectively; Table 1).
In Figure 2b, the methylation changes occurring at
each CpG site within CpG islands during tumor-
igenesis (in SSLs or cADNs) are compared with
changes associated with ageing (NM from TF
donors >70 vs. <40) and with the methylation
differences between sigmoid and caecal NM sam-
ples from the TF women. The plots in Figure 2b
show that in both precancerous lesions, but espe-
cially SSLs, the predominant alteration involves
hypermethylation, and most of these changes
occur in both tumour types (positive trend in
plot i). Hypermethylation is also detectable in the
NM samples from the older TF donors (y axes in
plots ii), but the level is much lower than that seen
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Figure 2. The CpG island hypermethylation phenotype in tumours and ageing NM. a. Density plot showing the methylation
value at CpG sites within CpG islands in tumours (cCADNs and SSLs) and in NM samples from cADN donors, SSL donors, older (>70) TF
donors (TF-0), and younger (<40) TF donors (TF-Y). Methylation levels in each tumour type clearly exceed levels in any of the four
classes of NM. Levels in TF-O NM (black arrow) were only slightly higher than those in TF-Y NM (green arrow). Methylation values
were calculated for the 1,060,602 CpG sites remaining after the exclusion of sites displaying 0 methylation in all tissue samples. The
y-axis was log10-transformed. b. Six ggpairs plots comparing the methylation changes identified in tumours (i.e., methylation
difference between SSLs, or cADNs, and matched samples of NM) with those associated with NM ageing (NM samples from TF
donors >70 vs. TF donors <40) and with changes associated with the anatomical location of the NM sample of TF donors (SIG vs.
CEC). Methylation difference on axes refers to the methylation proportions change, as defined by dmrseq (see Methods). Methylation
differences were calculated for 653,484 CpG sites in CpG islands. Colours in ggpairs plots represent the density of points per square,
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transformed. Black arrows in these plots indicate the magnitude of hypermethylation in tumours and in the TF-O NM samples.
(Abbreviations as defined in Figure 1.).
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in the tumours (x axes in plots ii). Most of this
ageing-associated hypermethylation is also present
in tumours (positive trend in plots 7i). Finally, the
methylation differences observed between sigmoid
and caecal NM were very small. In this analysis as
well, the hypermethylation changes occurring in
CpG islands were more prominent than those seen
in gene promoters (Supplementary Figure 4).

As for hypermethylated DMRs (i.e., genomic
regions with several, concomitantly-
hypermethylated CpG sites), those identified in
tumours were far more numerous and displayed
higher levels of hypermethylation than those asso-
ciated with NM ageing or anatomical location
(Figure 3). We identified 16,581 DMRs in SSLs
and 10,795 in cADNs that were hypermethylated
relative to donor-matched samples of normal
mucosa. The total number of CpG sites in these
DMRs were 348,829 in SSLs and 237,160 in
cADNs. Far fewer hypermethylated DMRs were
associated with donor age (3002 regions; 72,316
CpG sites) or colon segment (1162 regions; 13,625
CpG sites) (Figure 3b). The vast majority (95%) of
the ageing-associated DMRs were hypermethy-
lated in older compared with younger TF
women, while the rest showed the opposite direc-
tion (i.e., more methylated in younger). As for the
colonic segments, the majority (71%) were hyper-
methylated in sigmoid versus caecum, while the
rest were more methylated in caecum than sig-
moid. Supplementary Figure 5 shows the geno-
mic regions that contain the hypermethylated
DMRs in precancerous lesions (versus paired
NM) and in TF-O NM (versus TF-Y NM).

A total of 16,772 hypermethylated DMRs were
tumorigenesis-specific, i.e., they were present in one
(3919 regions in SSLs; 2046 regions in cADNSs) or
both types (10,807 regions) of precancerous lesions
vs. donor-paired normal mucosa but displayed no
methylation changes in the normal mucosa that
could be attributed to ageing or colon segment
(columns with red asterisks in Figure 3b). These
DMRs were stringently filtered (g value <0.05;
baseline methylation in the normal mucosa of TF
women <0.1; methylation proportions change in
tumours >0.8, see Methods for detailed descrip-
tion) to identify the 5521 DMRs most promising
clinical biomarkers of adenomatous and/or
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serrated colorectal tumorigenesis in patients of all
ages (Supplementary Table 1).

Only 484 of the ageing-associated DMRs did
not show any methylation change in tumours or
specific colonic segments, while more than 80% of
them were hypermethylated also in tumours (blue
arrowhead in Figure 3b). As for the segment-
associated DMRs, most of them (60%; n = 700 in
Figure 3b) appear not to undergo methylation
changes during ageing or tumorigenesis (orange
dot in Figure 3b). Supplementary Figure 6
shows examples of hypermethylated DMRs found
to be tumorigenesis-specific, ageing-specific, or
associated with both ageing and tumorigenesis.

We then attempted to validate our tumorigen-
esis-specific hypermethylated DMRs against pub-
lished DNA methylation datasets that included
a sufficiently high number of colorectal tissue
samples of normal mucosa and tumours from
women. Only two available datasets met the latter
requirements: both were generated with Illumina
methylation 450 K microarray technology (rather
than the more powerful bisulphite sequencing
approach we used), and neither included any
SSLs. The first set (published by Luo et al., GEO:
GSE48684) [72] comprised data on 89 colorectal
tissue samples from women, including 19 of nor-
mal mucosa (6 from patients with no history of
CRC, 13 from donors with concurrent CRC), 29
cADNs, and 41 CRCs. Donor age was not pro-
vided for any of the tissue samples. The second set
(GEO:GSE131013, published by Diez-Villanueva
et al.) [73] included data on 78 samples, all from
women (26 normal mucosa samples from CRC-
free colons, 26 normal mucosa samples adjacent to
CRCs, and 26 CRCs). Most donors were 40-
70 years of age, and only one normal mucosa
sample was from a woman under 40. The beta
methylation values of array probes that overlapped
our tumorigenesis-specific hypermethylated DMRs
were higher in tumours than in normal mucosa
samples of both of these two datasets (Figure 4ab),
whereas normal tissue samples from healthy
colons or those collected near a CRC showed
very similar methylation patterns. Importantly,
the cADNs and CRCs of the two datasets tended
to be correctly classified, i.e., clearly distinguished
from normal mucosa samples (ROC curves in
Figure 4a and b) based on the median of all the
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DMR’s beta values as a single signature per sample
(details in Methods section). These results indicate
that the hypermethylated DMRs we identified as
tumorigenesis-specific should retain that specifi-
city in other datasets including middle-aged and
older women. Similar results were obtained using
an additional external dataset (from the TCGA
project) that includes CRC and NM samples
from both women and men (Supplementary
Figure 7).

Discussion

In this study, we identified thousands of genomic
regions that undergo hypermethylation early in
the course of colorectal tumorigenesis, even
though their methylation status in the normal
colon mucosa do not appear to change with nor-
mal ageing. The tumorigenesis-specificity of most
of these DMRs was confirmed when we compared
our findings with data from two previously pub-
lished studies [72,73]. These results support our
belief that these hypermethylated DMRs are pro-
mising candidates for development as biomarkers
for the early, non-invasive detection of colorectal
tumours. However, the datasets we used for this
preliminary validation included a limited number
of normal mucosal samples from younger women.
Moreover, they were generated by microarray ana-
lysis, which is a less powerful method than bisul-
phite sequencing for exploring the DNA
methylome. A formal bisulphite sequencing-based
validation study - similar to our own but compris-
ing a larger number of normal and neoplastic
colorectal tissue samples from both women and
men - is needed to pinpoint the tumour-specific
DMRs with the highest potential for development
as blood- or stool-based biomarkers for diagnosing
colorectal tumours.

Our present findings are restricted to precancer-
ous rather than invasive colorectal tumours. We
have previously shown that SSL- and/or cADNs-
associated DMRs are almost invariably present in
CIMP(+) and/or CIMP(-) CRCs as well [19] . In
some cases, the advanced stages of tumorigenesis
are accompanied by spread of the hypermethyla-
tion to involve more extensive tracts of the chro-
matin than those affected in precancerous lesions,
and this might result in some degree of overlap
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with one or more ageing-associated DMRs.
However, the hypermethylated DNA tracts we
report here as ‘tumorigenesis-specific’ prior to
transformation retain this specificity after the
lesion has progressed to the more advanced stages
of tumorigenesis.

In 1999, Toyota and Issa [24] proposed that
colorectal tumorigenesis was associated with two
forms of CpG-island hypermethylation: one,
which they referred to as type A, took place in
normal colorectal epithelial cells as a part of the
physiological ageing process and was thought to be
a possible facilitator of colorectal tumorigenesis in
general; the second (type C) occurred exclusively
in CIMP(+) CRCs. This model finds support in
our recent identification (based on microarray-
based methylation analysis) of two large sets of
hypermethylated CpG sites [49]. The first com-
prised sites aberrantly methylated only in CIMP
(+) CRCs and their serrated-pathway precursors.
Sites in the second set displayed hypermethylation
in both CIMP(-) and CIMP(+) CRCs and also in
their non-malignant precursors (adenomas and
serrated tumours, respectively), and this set was
enriched for CpG sites previously shown to
undergo ageing- and lifestyle-dependent hyper-
methylation in normal colorectal epithelial cells
[50]. These findings do not exclude the possibility
that certain ageing-associated changes might
sometimes be exploited for the purposes of tumor-
igenesis, particularly during the development of
CIMP(+) tumours. Indeed, an event of this type
probably occurs in the MLHI promoter in some
later-stage SSLs, as discussed on the Introduction.
As tumorigenesis advances, the proto-CIMP(+)
typical of SSLs in the proximal colon [19] appears
to favour increasingly extensive methylation of the
MLH]1 promoter, a region that may already display
milder, age-related methylation in a small number
of normal epithelial cells from the proximal colons
of ageing women [22,50]. This epigenetic shift is
not, however, an invariable occurrence during ser-
rated-pathway tumorigenesis: in approximately
40% of CIMP(+) CRCs, MLHI expression is pre-
served [76].

Previous research has shown that hypermethy-
lation at certain sites does occur exclusively within
the context of normal ageing [26,28,49]. Our data
indicate that such ageing-specific hypermethylation
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is relatively uncommon: as shown in Figure 3b, it
accounted for only 15% of the ageing-associated
hypermethylated DMRs present in the female
colon tissues we studied. Over 80% of the DMRs
exhibiting ageing-associated hypermethylation
overlapped DMRs associated with tumorigenesis —
that is, they acquired additional methylation in
precancerous tumour cells, which probably
involves increases in the number of methylated
CpG sites per DMR and in the number of cells
with methylated alleles. This finding suggests an
abrupt acceleration of the methylome-ageing
clock. This clock reportedly ticks much more
slowly after puberty, undergoing a ~ 24-fold
decrease relative to the rapid ageing typical of the
early postnatal years. Consequently, the methyla-
tion levels in a given tissue are normally quite
similar in young adults (30-40 years old) and the
elderly (aged 70-80), with a difference of less that
0.1 units on a methylation scale of 0 to 1 [45,50].
But in tumours arising in such tissues, methylome
ageing is strikingly accelerated (on average, by
~30 years). In the colon, the most dramatic accel-
eration is seen in CIMP(+) CRCs with the onco-
genic BRAFV600E mutation and
a  hypermethylated MLHI promoter [35].
However, the upregulation was already quite
obvious in the precancerous lesions we studied,
where the mean increase in methylation levels
over those found in matched samples of normal
mucosa exceeded ~0.2 on the 0-1 scale cited above
(Figure 3a).

About 30% to ~80% of the hypermethylated
CpG sites previously identified as ageing-related
are reportedly located in genomic regions bound
by the PRC2 complex in embryonic stem cells,
regions that often contain the promoters of genes
with known roles in embryonic cell differentiation
[50,57,77,78]. PRC2 catalyzes the trimethylation of
lysine 27 of histone H3 in nucleosomes located at
~2000 gene promoters in embryonic stem cells
[79,80]. This epigenetic mark represses the gene’s
expression but keeps it ‘poised’ for transcriptional
re-activation, i.e., a state of equilibrium between
self-renewal and lineage commitment. Normal
ageing and tumorigenesis both tend to be asso-
ciated with methylation of the DNA in these
nucleosomes [32-34], which reduces the region’s
affinity for PRC2 binding [51,81]. Some

investigators suspect that this epigenetic switch
locks certain developmentally relevant genes into
a more strongly repressed state, which promotes
tumorigenesis by inhibiting normal tissue differ-
entiation [38,45,51,82], but thus far, definitive
proof for this hypothesis is lacking.

In contrast to ageing-associated DMRs, 16,772 of
the tumour-associated DMRs we identified were
hypermethylated exclusively in tumours. Only 2883
occurred in regions that also underwent methylation
as a function of ageing and/or the anatomical location
of the tissue (Figure 3b). This finding argues against
the widely held view that the hypermethylome in
tumour cells is merely a more advanced version of
the ageing-related hypermethylation that occurs in the
normal mucosa. The fact that PRC2-targeted regions
are reportedly over-represented among both ageing-
and  tumorigenesis-associated  hypermethylated
DMRs does not imply that these two DMR subsets
are predominantly overlapping. The burst of de novo
CpG-island methylation that takes place in early-stage
colorectal tumorigenesis does indeed affect some
DNA tracts that undergo the slowly progressing
methylation seen with normal ageing, but the tumor-
igenesis-associated process of DNA methylation is far
more extensive and ultimately involves a much larger
portion of gene-regulatory genomic regions. In all
probability, this second wave of hypermethylation is
fuelled by molecular mechanisms distinct from those
believed to promote ageing-associated methylation
(see Introduction section), that is, genetic and epige-
netic alterations arising in early phases of colorectal
tumorigenesis, such as oncogenic mutation of the
KRAS protein or the BRAFV600E mutation. These
two mutations are mutually exclusive features of
lesions representing incipient colorectal tumorigenesis
and suspected to be the triggers of the DNA hyper-
methylation waves that characterize the CIMP(-) and
CIMP(+) tumorigenic processes, respectively [83,84].
Downregulation of the TET1 and TET2 DNA
demethylases has also been proposed as
a mechanism underlying hypermethylation in the
CIMP(+), BRAF600E-driven, serrated pathway of col-
orectal tumorigenesis [49]. Interestingly, CIMP posi-
tivity in a subset of glioblastomas has been causally
linked to mutations in the IDHI or IDH2 genes, which
encode an enzyme needed for the production of
alpha-ketoglutarate, an essential cofactor of TET
DNA demethylases (and of some histone lysine



demethylases, as well) [85]. Debate continues over the
temporal sequence of the genetic and epigenetic
changes that take place during the initial phase of
colorectal tumorigenesis (e.g, BRAFV600F and
proto-CIMP in serrated colorectal lesions) and their
reciprocal effects on one another [84,86,87]. Answers
to these questions will ultimately require genetic and
epigenetic analyses of minute, very early-stage neo-
plastic lesions, which are currently feasible only with
single-cell omics technologies.

In conclusion, the de novo methylation of promo-
ter CpG islands associated with early-stage colorectal
tumorigenesis exceeds that associated with normal
ageing in both magnitude and extension. The hyper-
methylation ‘burst’ that occurs during neoplasia is
more pervasive in SSLs, but it also takes place in
cADNs, the more common CRC precursors. In
both types of precancerous lesion, it is generally
associated with distinct oncogenic activation events
that are not observed during ageing of the normal
colorectal mucosa. The thousands of tumorigenesis-
specific hypermethylated regions documented in this
report can be exploited to develop biomarkers for the
early diagnosis of colorectal tumours.
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