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ABSTRACT

Objective Sessile serrated lesions (SSLs) are common
across the age spectrum, but the BRAF mutant cancers
arising occur predominantly in the elderly. Aberrant DNA
methylation is uncommon in SSL from young patients.
Here, we interrogate the role of ageing and DNA
methylation in SSL initiation and progression.

Design We used an inducible model of Braf mutation
to direct recombination of the oncogenic Braf V637E
allele to the murine intestine. BRAF mutation was
activated after periods of ageing, and tissue was
assessed for histological, DNA methylation and gene
expression changes thereafter. We also investigated DNA
methylation alterations in human SSLs.

Results Inducing Braf mutation in aged mice was
associated with a 10-fold relative risk of serrated lesions
compared with young mice. There were extensive
differences in age-associated DNA methylation between
animals induced at 9 months versus wean, with
relatively little differential Braf-specific methylation.
DNA methylation at WNT pathway genes scales with
age and Braf mutation accelerated age-associated

DNA methylation. In human SSLs, increased epigenetic
age was associated with high-risk serrated colorectal
neoplasia.

Conclusions SSLs arising in the aged intestine are

at a significantly higher risk of spontaneous neoplastic
progression. These findings provide support for a new
conceptual model for serrated colorectal carcinogenesis,
whereby risk of Braf-induced neoplastic transformation
is dependent on age and may be related to age-
associated molecular alterations that accumulate in the
ageing intestine, including DNA methylation. This may
have implications for surveillance and chemopreventive
strategies targeting the epigenome.

INTRODUCTION

It is well established that the important subgroup
of BRAF mutant colorectal cancers arise from
sessile serrated lesions (SSLs), previously called
sessile serrated adenomas. With improvements in
colonoscopic detection and diagnostic methods,
SSLs are now recognised to be common lesions.'™
Unlike conventional adenomas that are much more
common in older individuals, SSLs are equally
represented across the age spectrum and are often

Significance of this study

What is already known about this subject?

» Sessile serrated lesions (SSLs) have distinct
malignant potential.

» They are a common colonoscopic finding in
patients of all ages, but the cancers arising
occur exclusively in the elderly.

» Extensive aberrant DNA methylation is common
in advanced SSLs and cancers.

» It is not clear whether SSLs lay dormant in the
colon for decades, acquiring these alterations or
whether spontaneously occurring SSLs rapidly
acquire these alterations and are at risk of
rapid neoplastic progression.

» Evidence from the study of organoids cultured
for protracted periods (Tao et al, 2019) suggests
that age may influence the potential for Braf
mutation to induce neoplastic transformation.

What are the new findings?

» Here, we show that Braf mutation can induce
rapid neoplastic transformation in the aged and
extensively aberrantly methylated intestinal
epithelium.

» This challenges the conventional notion of
serrated neoplastic evolution, where risk is
thought to correlate with the length of time
since SSL initiation, to one depending on the
age of the patient at onset.

» Age-associated DNA methylation occurs in the
intestinal epithelium, and this is potentiated by
Braf mutation, and target pathways that are
pertinent to colorectal neoplasia.

How might it impact on clinical practice in the

foreseeable future?

» Our preclinical study suggests that the
malignant potential of SSLs of similar size and
histology is greater in older patients.

» This could have implications for surveillance
as SSLs are common in all age groups but
older patients may benefit more from close
surveillance to ensure SSLs are removed in a
timely manner.

» Clinical studies are necessary to validate these
findings in patients.
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found in individuals in their 30s and 40s.” However, the BRAF
mutant cancers arising from SSL occur at an older mean age than
BRAF wild-type cancers arising from conventional adenomas
and they rarely occur before 50 years of age outside the setting
of serrated polyposis syndrome.* © This paradox suggests that the
risk of malignant transformation of an SSL may depend on the
age of the individual in which it is present as well as the char-
acteristics of the lesion itself. Surveillance intervals for patients
presenting with SSL are currently guided by criteria established
for conventional adenomas,” ®* which have a very different
natural history, morphology and molecular profile compared
with SSL.”!! Better understanding the drivers of progression of
SSLs and particularly the role of age may help develop guidelines
to inform surveillance intervals for patients following diagnosis
of an SSL.

SSLs are uniquely hallmarked by BRAF mutation and wide-
spread DNA methylation changes termed the CpG island meth-
ylator phenotype (CIMP).'2 1 These extensive methylation
changes facilitate the silencing of key tumour suppressor genes
necessary for malignant transformation. This includes genes in
the WNT signalling pathway, such as the SFRP family of genes,
and DNA repair genes such as MLH1. Approximately half of
all SSLs are CIMP-positive and the vast majority of advanced
SSLs with dysplasia are CIMP-positive, demonstrating the
necessity of CIMP for progression to malignancy.'! We have
previously reported a striking association between CIMP and
increased patient age among histologically indistinguishable
SSL,' suggesting a biological explanation for why age may be
a major risk factor for progression of SSL. It remains unclear if
the highly methylated SSLs that are identified in older patients
have dwelled for a significant period of time, perhaps decades,
or whether methylation alterations occur rapidly in the sponta-
neously forming SSLs in the aged intestine. This remains a key
distinction preventing the translation of this knowledge into the
clinic.

A causative versus synergistic role for mutant BRAF and CIMP
has been debated.® °® In a mouse model, we have recently
demonstrated that prolonged exposure to intestinal Braf
mutation in vivo induces a CIMP-like methylator phenotype,
preceding the development of murine serrated adenomas and
ultimately invasive cancer." In the wild-type intestine, low levels
of DNA methylation accumulate with age for many of the same
loci found to be altered with Braf mutation.'”?° This suggests that
the aged intestine may provide the necessary epigenetic milieu
for more rapid accumulation of DNA methylation following
oncogenic mutation of Braf in older individuals. CIMP-specific
loci have also been shown to accumulate with increasing passage
in vitro in both cell line!® and organoid systems.'® Recently, Tao
et al'® demonstrated that organoids cultured for ~12 months
acquire DNA methylation alterations, accompanied by concomi-
tant gene repression, which is reminiscent of those that occur in
the CIMP. Tao et al'® showed that Braf mutation could induce
immediate spontaneous neoplastic transformation in two of
these organoids, by contrast Braf mutation induces neoplastic
transformation over a period of 5months when the mutation
is initiated without prior culturing. This finding indicated that
ageing-like alterations may shift the threshold for neoplastic
transformation. However, this study was limited to two organ-
oids, and it is not clear whether culturing accurately reflects the
ageing process that occurs in vivo.

This accumulation of DNA methylation with age has been
shown to be due to ‘epigenetic drift’*! ** which occurs as a
result of stochastic errors in DNA maintenance methylation.? **
Epigenetic drift is not randomly distributed and appears to have

an affinity for specific CpGs.*® This has allowed for the develop-
ment of epigenetic clocks that can reliably predict an organism’s
age based on the DNA methylation state of a subset of CpGs
throughout their genome.*® *” The epigenetic clock has provided
a model for biological ageing and increases in a person’s ‘epigen-
etic age’ compared with their chronological age have been
associated with an increased risk of disease®® ?° and an overall
increase in all-cause mortality.>* 3!

Here, we have used the conditionally active Braf***’" murine
model to evaluate the effects of somatic oncogenic signalling
on epigenetic drift and tumour formation across the age spec-
trum. We have exposed young and aged mice to mutant Braf for
the same time period to provide insights into how the risk of
serrated neoplasia is influenced by age.

RESULTS

Temporal CpG island hypermethylation in the intestinal
epithelium of wild-type mice

To establish the effects of ageing on the intestinal methylome in
our murine model, we examined the DNA methylation status
of the proximal small intestine of wild-type mice (n=25) aged
between 24 days and 20 months post wean. Tissue samples were
derived from the small intestine, as this is where the phenotype
induced by the Braf***” murine model, which is examined exten-
sively in the forthcoming paragraphs, predominantly occurs (see
the Extended methods section). Using reduced representation
bisulfite sequencing, we captured 1027330 CpG sites, each
covered by >10 reads in all samples (including those samples
analysed in the forthcoming paragraphs). We identified 82468
CpG sites (8.03%) where DNA methylation was significantly
associated with biological ageing (type-A sites, false discovery
rate (FDR)-corrected p<0.05, R* range 0.98-0.31, figure 1A
and online supplemental figure 1). Type-A (age-associated) CpGs
were predominantly confined to exonic, intergenic, intronic and
promoter regions (figure 1B). Age-associated hypomethylation
was frequent in exonic, intergenic and intronic regions, but
uncommon in promoter regions (figure 1B).

Tumour suppressor genes and regulators of intestinal
differentiation are putative targets of intestinal age-
associated DNA methylation

We cross-referenced the loci containing age-associated promoter
hypermethylation with known tumour suppressor genes from the
TSGene 2.0 database and report type-A promoter methylation
of 105 tumour suppressor genes, including previously reported
colonic tumour suppressors such as Cdkn2a (figure 1C), Dkk3
(figure 1D), Sfrp2 and Dcc.

Type-A methylation in gene promoters was enriched for genes
involved biological processes associated with differentiation
(p=1.19x10*, observed/expected (O/E) ratio: 1.92) and devel-
opment (p=2.05x10"*® O/E ratio: 1.75). By contrast, immune-
related molecules were under-represented (p=1.77x107, O/E
ratio: 0.39). Next, we performed enrichment analysis at pathway
level using pathways curated by Protein analysis through evolu-
tionary relationships (PANTHER).*? Pathways level enrichment
analysis identified a significant enrichment type-A methylation at
genes in eight pathways, including the WNT signalling cascade
(p=9.11x10"*, O/E ratio: 2.09, table 1) and Slit/Robo signalling
(p=5.37x10", O/E ratio: 6.42, table 1).

Tao et al'® evaluated methylation differences in intestinal
organoids cultured for 2 and 14 months. We compared our
type-A CpGs to those identified in the Tao et al'® analysis and
report that 44.12% of type-A CpGs were also identified in
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Figure 1  (A) DNA methylation profiling of wild-type intestinal mouse DNA. We identified significant age-associated DNA methylation was identified

in ~8% of CpG sites by linear regression analysis. Positive slope values indicate progressive DNA hypermethylation with age. (B) Age-associated

DNA hypermethylation is most common in exons, introns, intergenic regions and gene promoters. Hypomethylation is common in exons, introns and
intergenic regions, however, it is extremely rare in gene promoters. (C, D) Exemplar loci of age-associated DNA methylation of colon cancer tumour
suppressors Cdkn2a (C), Dkk3 (D). Each line represents a single CpG site in the promoter region. Regression results for (C) and (D) are found in online
supplemental table 5. NA, not applicable; TTS, transcription start site; UTR, untranslated region.

Table 1 Type-A DNA methylation at gene promoters targets specific signalling pathways

Pathway name

Fold enrichment

False discovery rate-
corrected p value

Axon guidance mediated by Slit/Robo

lonotropic glutamate receptor pathway

Cadherin signalling pathway

Metabotropic glutamate receptor group IIl pathway

Heterotrimeric G-protein signalling pathway-Gi alpha and Gs alpha mediated
Alzheimer disease-presenilin pathway

Heterotrimeric G-protein signalling pathway-Gq alpha and Go alpha mediated
Wht signalling pathway

6.42
3.87
2.94
2.87
237
23

227
2.09

5.37x10™
4.18x107
6.71x107°
0.0345
5.67x107
0.0368
0.0476
9.11x107*

Type-A CpGs were identified as those significantly associated with age in the intestine of wild-type animals from weaning. CpGs were assessed by regression analyses and

pathway enrichment determined using the PANTHER enrichment tool.
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Figure 2 RNA-sequencing was performed on 10-day-old wild-type animals (n=3) and 14-month-old wild-type animals (n=3) to assess transcript
expression. Differential gene expression of DNA methylation type-A genes in the small intestine of 10-day-old wild-type animals versus 14-month-old
wild-type animals using DeSeq2. P values were adjusted using the false discovery rate method to limit type | errors. Negative log fold changes (FC)
represent differential downregulation in 14-month-old wild types and vice versa.

their in vitro ageing system. Of all hypermethylated regions
reported in their study, we report only 28% were hypermethyl-
ated in our in vivo system. The limited overlap in our differen-
tially methylated CpGs may be due to the culture environment
altering the methylation profile of the organoids, result from
gender differences in animals, as the Tao study relied on organ-
oids from male animals, or from the differing origin of the
tissue samples (organoids from colon vs tissue from the small
intestine).

Next, we performed gene expression analysis via RNA-Seq on
wild-type animals aged 10 days (n=3) and 14 months (n=4) to
evaluate the transcriptional consequences of type-A methylation
changes. In 10-day wild-type animals, type-A genes were more
likely to be expressed when compared with the wider transcrip-
tome (online supplemental figure 2A,B), and the average expres-
sion of type-A genes was higher than non-type-A genes (online
supplemental figure 2C). Of the 1208 type-A genes, 16.8% were
not expressed (mean fragments per kilobase per million reads
(FPKM)=0), and an additional 56.8% were lowly expressed
(FPKM <1). This is keeping with observations of Tao et al in an
organoid system of prolonged culturing that mimicked ageing.'®
We performed differential expression analysis on type-A genes
between 10-day and 14-month-old wild types to identify tran-
scriptional changes that may have been caused by temporal
methylation changes. We identified differential gene expression
in 14.5% of type-A genes (figure 2A and online supplemental
table 1), including key WNT signalling pathway genes such as
Sfrp2 (LogFC: —6.81, p=1.65x10) and Wnt7B (LogFC: —3.7,
p=0.034). We also analysed genes whose expression was identi-
fied as associated with prolonged organoid culture.’® Of the 16
genes assessed by Tao et al,'® 6 displayed significant differential
expression in 14-month wild-type animals compared with their
10-day-old counterparts (online supplemental table 2, p<0.05);
however, all displayed upregulation (Log2FC: 0.45-1.3), which
is in contrast with Tao et al, which observed downregulation. As
these are predominantly differentiation and lineage-associated
markers, this may indicate that the differentiation state of
normal intestinal epithelia is maintained more readily in vivo
when compared with organoid culture.

Immune-related signalling is dysregulated in the aged
intestine

To identify other signalling pathways that are putative targets
of ageing in the wild-type intestinal mucosa, we analysed whole
transcriptome in relation to age, irrespective of DNA methyla-
tion changes. We identified 810 genes that have altered expres-
sion in the aged small intestine (p<0.05, figure 2B), of which
537 display increased expression with age and 273 show a
decrease in expression. We performed enrichment analyses on
age-associated genes with increased expression and decreased
expression independently to identify any pathway level changes
that occur with age in the intestine. Downregulated genes were
associated with various immune-related biological processes,
including response to virus (O/E: 9.26, p=1.68x10"), the
immune effector process (O/E: 3.61, p=1.06x10"*) and defence
response (O/E: 2.55, p=1.99x10"). Likewise, enriched biolog-
ical processes in overexpressed genes reflected altered immune
response (O/E: 4.81, p=4.21x107’). These data indicate that
altered immune response may also contribute to age-associated
changes.

Braf mutation potentiates age-related DNA methylation changes
Next, we sought to assess the effects of prolonged oncogenic
MAPKinase signalling on age-associated DNA methylation. We
introduced the intestinally specific oncogenic Braf V637E muta-
tion in animals at wean and assessed temporal changes in DNA
methylation in the small intestine from 10 days to 14 months
post activation (n=37). There was a significant association
between age and DNA methylation in 16.8% of CpG residues
(172217 CpG sites, FDR<0.05 R?=0.18-0.97), which included
81.3% of type-A CpGs identified in wild-type animals.

We hypothesised that the rate of DNA methylation changes in
age-associated loci common to both wild-type and Braf mutant
animals may differ according to Braf mutation status. Of the
67056 shared age-associated loci, we identified significantly
different rates of methylation accumulation over time in 46 581
CpG residues (69.5%, online supplemental figure 1). We denote
these CpGs type-AB; age-associated but modified by oncogenic
Braf mutation). CpGs in which we observe temporal changes
in the setting of Braf mutation, but not in the wild-type small
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Figure 3  (A) Braf mutation induces a widespread acceleration in the rate of type-A DNA methylation changes. The rate of change of DNA
methylation (%/day) in CpG sites that were significantly different between BrafV/637 and wild-type animals (type-AB CpGs, age associated but
modified by Braf) as assessed by analysis of covariance. The red line depicts a hypothetical equal rate of change between groups. The bottom-left

and top-right quadrants show concordant hypomethylation and hypermethylation, respectively, occurring at different rates according to Braf status.
The top-left and bottom-right show methylation events that are discordant by Braf status. Dark blue ellipses indicate the density of CpGs at a given
location on the graph. High number of overlapping data are shown by short distances between ellipses. (B) The genomic distribution of type-AB CpGs.

(C) The genomic distribution of type-B CpGs. NA, not applicable; TTS, transcription start site; UTR, untranslated region.

intestine, were termed type-B CpGs (temporal but specific to
Braf mutation). These are discussed in the coming paragraphs.
91.2% of type-AB CpGs accumulated DNA methylation at a
greater rate with Braf mutation, while 8.8% of CpGs accumu-
lated methylation changes more slowly (figure 3A depicts the
rate of change in these CpG sites).

For gene promoters associated with these 46581 CpG sites,
we observed an enrichment for genes in the cadherin signalling
pathway (O/E: 4.41, p=4.32x107, table 2), the WNT signal-
ling pathway (O/E: 2.65, p=2.29%10™) and heterotrimeric G
protein signalling (O/E: 3.22, p=8.97x10", table 2). Enrich-
ment for WNT signalling in type-AB promoters was stronger
than in type-A promoters (O/E 2.65 vs 2.09), indicating a selec-
tion for accelerating age-associated DNA methylation at WNT
signalling pathway gene promoters following Braf mutation.

Intestinal epigenetic age is increased by prolonged exposure
to oncogenic BRAF

Epigenetic age is the predicted biological age of a tissue based
on the DNA methylation level of CpGs that are predictive of
chronological age in normal tissues. As we identified a robust
acceleration of age-associated DNA methylation in Braf mutant
intestinal samples, we next assessed whether epigenetic age was
similarly accelerated. We estimated epigenetic age using two
previously validated epigenetic age prediction models (Stubbs et
al’* and Meer et al’). As expected, both epigenetic age predic-
tors yielded estimates of age in our wild-type animals that was
strongly correlated with chronological age; however, these
models lack precision (R? (Stubbs) 0.91 (Meer) 0.97 figure 4A,B).
The Stubbs model tended to underpredict epigenetic age of wild-
type animals (ratio of chronological age to epigenetic age (CA/

Table 2 Type-AB DNA methylation at gene promoters targets specific signalling pathways

Pathway name

Fold enrichment FDR-corrected p value

Axon guidance mediated by Slit/Robo

Axon guidance mediated by netrin

lonotropic glutamate receptor pathway

Cadherin signalling pathway

5HT1 type receptor-mediated signalling pathway

Metabotropic glutamate receptor group IIl pathway

Heterotrimeric G-protein signalling pathway-Gi alpha and Gs alpha mediated
Wnt signalling pathway

6.81 1.31x107
5.45 1.29x107
5.34 1.70x107
4.41 4.32x107
434 3.73x1072
4,01 1.15x107
3.22 8.97x107*
2.65 2.29x107*

Type-AB CpGs were identified using a two-step process: First, we identified CpGs that were significantly associated with age in both the intestine of wild-type animals and Braf
mutant animals from weaning. From this subset of type-A CpGs, we identified those that (de)accumulate DNA methylation at significantly different rates according to mutation
status by analysis of covariance. CpGs were assessed by regression analyses and pathway enrichment determined using the PANTHER enrichment tool.

FDR, false discovery rate.
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Figure 4 Epigenetic age versus chronological age in the Braf mutant and wild-type (Wt) intestine. Epigenetic age is persistently accelerated by
prolonged exposure to oncogenic Braf V637. Epigenetic age was estimated using models by Stubbs et al (A), Meer et al (B) and a model built by
elastic net regression modelling of age using methylation data from the intestine of Wt animals (C). Analysis of covariance (ANCOVA) was performed
to test whether the rate of epigenetic ageing differed between Braf V637 and Wt animals.

EA: 1.83, root mean square error (RSME): 184.54), in contrast
the Meer model tended to overpredict the age of wild-type
animals, but was generally more accurate (CA/EA: 0.76, RMSE:
117.02). Intestinal epigenetic ageing was significantly acceler-
ated in Braf mutant mucosa using both the Stubbs model (CA/
EA: 0.65 vs 1.83, p<2.2x107', figure 4A) and the Meer model
(CA/EA: 0.39 vs 0.76, p<2.2x107", figure 4B). We also built
an in-house, tissue-specific, epigenetic clock model, which was
much more precise in estimating the epigenetic age of wild-type
animals. Prediction of epigenetic age using this model showed the
same marked increasing in epigenetic ageing revealed by the two
published models (figure 4C, analysis of covariance p<2.2x10
'%). Thus, constant exposure to oncogenic Braf induces a marked
and sustained acceleration of epigenetic ageing.

Braf mutation-specific DNA methylation alterations

Next we analysed the DNA methylation alterations that occurred
over time but were exclusive to the Braf mutant small intestine.
This represented 61% of all temporal DNA methylation alter-
ations that occur in the presence of Braf mutation (105561
CpGs, online supplemental figure 1). As these events are specific
to oncogenic Braf, we term them type-B methylation events to
discriminate them from age-associated methylation (type-A,
type-AB). Type-B methylation is similarly distributed to type-A
methylation (figures 1B and 3C). Of all type-B hypermethylation
events, 17919 mapped to the promoter region of 3984 genes.
Type-B methylation is enriched at cancer-associated signalling
pathways (table 3), including the WNT signalling pathway
(O/E: 1.82, p=7.34%107), the angiogenesis pathway (O/E: 2.0,
p=6.89%x10", the TGF-Beta signalling cascade (O/E: 1.92,
p=0.03) and EGF signalling (O/E: 1.76, p=0.04). We identified
310 tumour suppressor genes that were affected by type-B meth-
ylation, representing 17.26% of all tumour suppressor genes
identified in the TSGene 2.0 database.

Expression analysis of type-B genes that were hypermethyl-
ated revealed significant differential expression of 472 genes
between 10-day and 14-month-old Braf mutant animals (online
supplemental table 4), which corresponds to 11.8% of all type-B
genes. This is consistent with our findings on the frequency of
gene repression by methylation in human colon cancers.® Of
differentially expressed type-B loci, most were differentially
downregulated in 14-month-old Braf mutant animals, suggesting
methylation-induced gene silencing (online supplemental figure
3A). Online supplemental figure 3B,C are depictions of type-B
genes Cstf2t and Fbn2 that were differentially expressed.

Differentially expressed type-B genes included 21 WNT signal-
ling pathway genes (table 4).

We assessed human CIMP panel genes for type-B methylation
and report that Igf2 and Neurogl undergo significant type-B
methylation (online supplemental table 3). We did not observe
evidence of type-B methylation in Cacnalg, or Socs1. Cacnalg,
however, is an age-associated locus that is accelerated by onco-
genic Braf (type-AB). We did not capture any CpGs in the Runx3
promoter. Of the five human CIMP panel genes, the expression
of two genes, Igf2 and Runx3, was significantly downregulated
versus wild-type samples (analysis of variance p value<0.0001,
6.59%107, respectively; online supplemental figure 4A).

The differential effects of Braf mutation in the aged intestine
We have previously shown that prolonged exposure to mutant
Braf from wean can induce murine serrated lesions (mSLs)."”

Table 3 Type-B DNA methylation at gene promoters targets specific
signalling pathways

Fold FDR-corrected p
Pathway name enrichment  value
Alpha adrenergic receptor signalling pathway 3.07 0.033
Alzheimer disease-presenilin pathway 2.52 1.51x107°
lonotropic glutamate receptor pathway 2.51 0.019
Alzheimer disease-amyloid secretase pathway 242 7.90x107
Heterotrimeric G-protein signalling pathway-Gi ~ 2.07 3.52x107*
alpha and Gs alpha
Gonadotropin-releasing hormone receptor 2.04 1.42x107°
pathway
Angiogenesis 2 6.89x107*
Heterotrimeric G-protein signalling pathway-Gq  1.96 9.78x107
alpha and Go alpha
Transforming growth factor-beta signalling 1.92 0.033
pathway
Platelet derived growth factor signalling pathway 1.89 8.94x107
Cadherin signalling pathway 1.88 7.37x107
Wnt signalling pathway 1.82 7.34x107
Epidermal growth factor receptor signalling 1.76 0.040
pathway
Integrin signalling pathway 1.7 0.018

Type-B CpGs were identified as those significantly associated with age in the Braf
mutant intestine from weaning but not associated with age in wild-type animals.
CpGs were assessed by regression analyses and pathway enrichment determined
using the PANTHER enrichment tool.
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Table 4 Differentially expressed type-B WNT signalling pathway
genes between Braf"'® and Braf""* animals

Gene FDR-corrected p value Log2 fold change
Cdhé 3.99x107 —4.45
Pcdh9 9.42x107° -4.10
Fzd3 1.05x107? -2.73
Fzd3 1.05x107 -2.73
Kremen2 2.53x107* -2.56
Tct7I1 2.35%107 -2.32
Pygo1 8.96x107 -2.12
Fat4 6.75x107% -2.04
Pcdh18 2.18x107 -1.87
Cdh3 3.52x107 -1.84
Dchs1 3.01x107® -1.79
Whnt5a 1.16x107 -1.62
Cdht1 6.70x107'° -1.51
Pcdh7 1.51x107° -1.49
Frzb 1.05x107 -1.27
Sfp1 5.07x107 -1.24
Plcb1 7.05x107 -0.86
Fzd5 3.03x107 0.50
Tcf7 3.35%107 1.06
Wnt6 3.27x107 1.75
Wnt10a 1.04x1072 4.47

WNT signalling was significantly enriched among differentially expressed type-B
genes and this table represents those genes that were differentially modified.
FDR, false discovery rate.

Based on our finding that extensive DNA methylation alter-
ations accumulate with age (figure 1A), we hypothesised that
the small intestine of an elderly mouse would rapidly develop
serrated neoplasia following induction of Braf mutation. To test
this hypothesis, we aged animals for 9 months prior to activation
of mutant Braf for a period of 5 months (Braf’"*) and compared
both histology and DNA methylation to animals with Braf acti-
vated at wean for an identical period of time (Braf"”).
Following the induction of mutant Braf for 5 months from
wean, animals rarely develop mSLs (figure 5A). We compared
these animals (n=24, Braf") to animals aged for 9 months prior

to induction for the mutation for the same 5-month time period
(n=32, Braf’™'*). The incidence of mSL in Braf"~ animals was
4.2% and in Braf’™™ mice it was significantly higher at 43.8%
(relative risk: 10.5, Fisher’s exact p<0.001, figure 5A), despite
being exposed to oncogenic Braf for the same duration of time.
An example of a representative mSL is shown in figure 5B. These
data suggest that the age, rather than the length of exposure
alone, influences the risk of Braf-induced transformation.

To determine if the increased risk of lesion development in
the aged animals may be due to DNA methylation alterations,
we performed genome-wide DNA methylation analysis on intes-
tinal mucosa from a subset of these animals (Braf®> n=9, Braf’-
"' n=12). 68385 CpG sites were differentially methylated, of
which 72.2% were more methylated in the Braf’'* animals.

We next classified these loci as either type-A (age-associated,
independent of Braf mutation), type-AB (age-associated, but the
rate of methylation accumulation differs between Braf mutant
and wild-type animals) or type-B (occurring exclusively in the
setting of Braf mutation), if they were identified in earlier anal-
ysis, and ‘other” if they were not. Forty-three per cent of differ-
ential methylation occurred at type-AB loci, 16% at type-A loci,
15% at type-B loci and 26% at unclassified loci (figure 6A).

Type-A, type-AB and type-B differential methylation was
predominantly hypermethylation (65.4%, 96.3%, 72.1%,
respectively). However, unclassified methylation events were
more likely to be hypomethylation (37% hypermethylated). The
distribution of methylation events was similar for type-A and
type-B differential methylation (figure 6B). By contrast, type-AB
methylation was predominantly hypermethylation across all
genomic features and we note that type-AB hypomethylation at
gene promoters was extremely rare.

We performed pathways analysis on differentially methyl-
ated genes that were classified as type-A, type-AB or type-B.
We observed no significant pathway level enrichment for
type-A loci that were differentially methylated between Braf™
’ and Braf’™'* animals (table 5). Type-B differentially methyl-
ated genes were enriched for G-protein signalling, glutamate
receptor signalling and the cadherin signalling pathway
(table 5). Similarly, type-AB differentially methylated genes
were associated with cadherin and glutamate receptor signal-
ling. Notably, type-AB differentially methylated genes were
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Figure 5

(A) The aged intestine is primed for Braf-induced spontaneous neoplastic transformation. Braf mutation rarely induces murine serrated

lesions (mSL) in animals exposed for 5 months from wean. Mutation for the same interval after 9 months of ageing frequently induces murine serrated
lesions. (B) Representative example of a murine serrated adenoma located in the intestine of a Braf""* mouse. This is a protuberant lesion which
projects from the small intestinal surface, forming numerous club-shaped papillae. The papillae are lined by a variety of cell types. At the base the

cells are cuboidal, contain clear cytoplasm and resemble the mucin-rich cells seen in human sessile serrated lesions. This transitions to slender cells
with abundant pink cytoplasm, which resembles human traditional serrated adenomas. Finally, the tips of the papillae are lined by crowded and

hyperchromatic cells with overt dysplastic cytology.
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also strongly enriched for involvement in the WNT signalling
cascade (table 5).

We also compared the methylation profile of Braf’'* animals
with mSLs to Braf’~"* animals that did not have mSLs (n=6 for
both groups). On differential methylation analysis, we identi-
fied 2490 CpG sites that differed between these groups, 72.5%
of which were significantly more methylated in Braf’* animals
with mSLs (FDR<0.05, absolute methylation difference of
>10%, online supplemental figure 5). One hundred seventy-
seven of hypermethylated CpG sites mapped to 92 protein
coding genes, and gene ontology enrichment analysis revealed
an association with WNT signalling genes (p=0.000907).

Expression profiling of Bra#'* mice reveals repression of
WNT in the intestinal epithelium

Gene expression profiling and analysis by single-sample gene
set enrichment analyses revealed substantial downregulation of
the WNT signalling cascade in Braf’™* intestinal epithelium in
comparison to Braf*> (p=0.02, figure 7A,B). Lower levels of
basal WNT in the epithelium of older mice may increase the
selective advantage afforded by (epi)-genetic alterations that
increase WNT signal, which may manifest later in the neoplastic
cascade. To confirm that WNT signalling is elevated in lesions,
we stained sections for B-catenin. In keeping with our hypothesis,

B-catenin was significantly elevated in lesions when compared
with hyperplasia (p<0.0001, online supplemental figure 6).

Cancer associated signaling in murine serrated lesions

To investigate whether WNT is altered in the context of mSLs, we
microdissected and extracted RNA from formalin fixed paraffin
embedded mSLs (n=3 mSLs and matched mucosal tissue). Using
the Nanostring nCounter assay, we profiled the gene expression
of 750 cancer associated genes (Extended methods). We iden-
tified 173 significantly differentially expressed genes (p<0.05,
figure 8A,B). Gene set analysis implicated eight key signalling
pathways that were deregulated, including JAK/STAT (GSA
score: 4.16), PI3K (GSA score: 4.08), Cell cycle (GSA score:
3.39), TGF-Beta (GSA score 3.06), Wnt (GSA score: 3.03),
MAPK (GSA score: 3.03), Apoptosis (GSA score: 2.97), and RAS
(GSA score 2.89). We identified several Wnt signalling genes that
were significantly differentially expressed in mSLs (figure 8D),
including receptors (Fzd3, Fzd9), Wnt ligands (Wnt11), tran-
scription factors (Lef1), and negative regulators (Axin2, Nkd1).
These data are in keeping with the upregulation of Wnt observed
via B-catenin staining and supports the hypothesis that molec-
ular alterations increasing Wnt signalling may be selected for
during tumour formation, and that the selection pressure may

Table 5 PANTHER pathway enrichment for differentially methylated genes in Braf"® vs Braf”"* animals

Pathway name Fold enrichment P value FDR-corrected p value
Type-A

No significant pathway enrichment

Type-AB

lonotropic glutamate receptor pathway 5.9 1.34x107 5.56x107
Cadherin signalling pathway 4.88 2.81x1078 4.66x107°
Wht signalling pathway 2.78 2.30x107° 1.27x107
Type-B

lonotropic glutamate receptor pathway 6.69 5.71x107 3.16x107°
Metabotropic glutamate receptor group IIl pathway 5.65 6.56x107° 2.72x107
Heterotrimeric G-protein signalling pathway-Gi alpha and Gs 4.29 2.94x107° 4.87x107*
Heterotrimeric G-protein signalling pathway-Gq alpha and Go 3.88 2.35x107* 7.79x107
Cadherin signalling pathway 3.32 4.62x107* 0.0128

Enrichment analysis was performed on genes with at least one differentially methylated CpG site mapping to the promoter region of the gene and is stratified for methylation

type.
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Figure 8 (A) Gene expression profiling of 750 cancer-associated genes in murine serrated lesions (mSLs) and hyperplastic mucosa (n=3 mSLs and
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signalling pathway genes.
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Figure 9 Organoids were derived from the intestine of a mouse aged for 10 months. Organoids were passaged three times in vitro, and then
treated with 250nM of azacitidine or diluent control for 48 hours, with drug and media changed at 24-hour intervals. Organoids were passaged and
treated with either 4-OHT to induce recombination of the Braf*®*” allele, or diluent control. (A) Micrographs of organoids at x4 and x20 magnification
at 72 hours post 4-OHT and H&E-stained sections at 14 days post 4-OHT. The Ctrl-40HT organoids demonstrated morphological changes of dysplasia,
with cells showing high nuclear to cytoplasmic ratios and atypical nuclear appearance accompanied by multilayering of the epithelium (arrow).

This was not identified in the other three groups. (B) Quantification of average organoid diameter. Organoid diameter was measured in a subset of

randomly selected organoids from each treatment group.

be heightened in the aged small intestine with repressed basal
Wnt signalling.

Inhibition of DNA methylation attenuates viability of aged
intestinal organoids following activation of oncogenic Braf
To link DNA methylation of the aged small intestine to the
propensity for lesions to develop, we harvested intestinal tissue
from a mouse aged to 10 months. This animal carried the requi-
site genotype for conversion of the oncogenic Braf'®” allele, but
was not yet exposed to tamoxifen. Organoids were established
and passaged three times in complete media (see the Extended
methods section). Twenty-four hours after the third passage,
media was changed to complete media containing 250 nM azac-
itidine (or diluent control). Organoids were exposed to azaciti-
dine for 48 hours, with drug and media replaced 24 hours after
initial exposure. Organoids were passaged, and 24 hours later,
1uM 4-Hydroxytamoxifen (or diluent control) was spiked into
media to induce recombination of the Braf V637E allele.

We observed a reduction in organoid growth at 72 hours post-
Braf induction in azacitidine-treated organoids (Aza-4OHT,
figure 9A), with organoids the average diameter of exposed to
azacitidine and 4-OHT being threefold lower than those exposed
to azacitidine alone (p=0.0018), 4-OHT alone (p=0.0031) or
control (p=0.029) (figure 9B). There was no difference in the
average diameter of organoids between the remaining groups
(Aza-Ctrl, Ctrl-4OHT, Ctrl-Ctrl; figure 9B). All organoids were
observed to maintain a predominantly cystic appearance. This is
atypical of non-transformed small intestinal organoids,* which
normally develop complexing branching structures. However,
the cystic phenotype has been noted to occur in organoids
derived from aged animals*® and may be attributed to dysregu-
lated Wnt signal.*®

Organoids were passaged for an additional 11 days to obtain
sufficient material for histological processing and analysis. On
reviewing the morphology of each group, we observed overt
dysplastic changes only in the aged organoids following Braf
mutation (Ctrl-4OHT organoids). These organoids showed high
nuclear to cytoplasmic ratios and an atypical nuclear appear-
ance, accompanied by multilayering of the epithelium. These
alterations were similar to what was observed by Tao et al'®
in organoids where Braf was mutated following 10 months of
organoid culture. This indicates that inhibition of DNA methyla-
tion reduces the capacity for oncogenic Braf to induce neoplastic
transformation and provides specific evidence of a functional
role for DNA methylation as compared with other age-associated
maladies.

Epigenetic drift is accelerated in human SSLs
We also examined the effects of BRAF mutation on epigenetic
drift and epigenetic ageing in human samples. To achieve this,
we combined three publicly available DNA methylation data-
sets. The first dataset contained 232 normal colonic mucosal
samples (GSE113904°7) and was used to train a model to predict
epigenetic age. The second dataset contained 149 colonic
mucosal samples (GSE101764%) used to test the accuracy of
the model. The third dataset consisted of 80 BRAF mutant SSLs
(E-MTAB7854%%). Forty of these SSLs had a focus of dysplasia
which was macrodissected and discarded, the remaining 40
had no evidence of dysplasia but were nonetheless CIMP-high
lesions. We regard the former as ‘high risk’ SSLs, and the later as
‘moderate risk’ SSLs.

Our human model for intestinal epigenetic age was constructed
using elastic net regression on probes that were shared by all
three cohorts (n=376280). The model identified 238 CpG sites
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that were predictive of age. In our training dataset, the mean
error was 0.34 years. In the test dataset, the mean error rate was
2.94 years. When the model was applied to the DNA methyla-
tion data from SSLs, we observed a marked increase in epigen-
etic age of 11.0 years greater than the expected chronological
age (p<0.0001, online supplemental figure 7A). This analysis
did not include high-risk SSLs; however, when we apply our
model to these lesions (n=40), we report a further elevation
in epigenetic age compared with moderate-risk SSLs (p=0.08,
mean difference: 4.76 years, online supplemental figure 7B).
This difference, although not at the threshold for significance,
provides evidence that epigenetic age may inform the transfor-
mational risk of SSLs.

DISCUSSION

This study shows that prolonged exposure to mutant Braf mark-
edly increases age-associated epigenetic drift. In the context of
BRAF mutant human colorectal cancer, these findings shed light
on why the risk of neoplastic transformation increases dramati-
cally with age. The conventional model for colorectal tumouri-
genesis describes a multistep process whereby somatic mutations
sequentially accumulate to promote tumour development over
time. Data presented here support a new paradigm pertinent
to serrated neoplasia, whereby risk of progression scales with
increasing patient age, rather than the length of time since polyp
initiation. We have shown that a milieu of epigenetic alterations
occur in the ageing intestinal cells, and hypothesise that some of
these alterations may contribute to the heightened risk of trans-
formation in the aged intestine. These findings have implications
for understanding the natural history of serrated neoplasia, for
informing SSL surveillance strategies relative to age and for the
rational design of chemopreventive strategies that target age-
associated molecular alterations.

Recently, using the same model presented in the current study,
we showed that induction of the Braf mutation results in consis-
tent DNA methylation changes analogous to CIMP in human
colorectal cancer." Here, we have examined both normal and
Braf mutant intestinal mucosa in much greater depth. Profiling
of the murine intestinal methylome revealed age-associated DNA
methylation changes in 8.0% of the >1million CpGs examined.
Most of the loci that were associated with epigenetic drift were
also associated with Braf mutation; however, the rate these loci
accumulate DNA methylation is significantly faster in the Braf
mutant intestine. DNA hypomethylation is also common during
both ageing and tumourigenesis.*’ It is important to note that the
technology used in this study (RRBS) enriches for CpG islands,
and that CpGs residing outside of these regions tend to become
demethylated with age.*’

We report that age-associated loci overlap significantly
with the WNT signalling pathway, and genes associated with
development and differentiation. Moreover, we identified
>100 promoters of tumour suppressor genes that accumu-
late DNA methylation in a temporal manner. As WNT signal-
ling is crucial in serrated colorectal carcinogenesis*' and the
silencing of tumour suppressor genes by DNA methylation is a
well-established means of escaping normal cellular regulation,
we hypothesise that age-associated DNA methylation at the
promoter region of these genes primes the aged intestine for
a more rapid neoplastic transformation once a Braf mutation
is acquired and an SSL is formed. To test for the involvement
of age-associated methylation in determining the risk of Braf-
induced neoplasia, we conducted an in vitro organoid experi-
ment. Here, treating organoids established from aged mice, with

azacitidine, a DNA methyltransferase inhibitor, greatly reduced
the ability for oncogenic Braf mutation to induce growth and
neoplastic transformation when activated. Additional studies are
necessary to form a definitive causal link between these DNA
methylation alterations and risk.

We identified a strong enrichment for immune-related signal-
ling among genes with altered expression in the aged intestine.
These genes were not type-A methylation genes and are likely
regulated by some other cellular process. Alternatively, the
microenvironment of the aged intestine may be comprised of
different immune cells, leading to the altered gene expression
signal that we observed. Immunosensence is associated with
cancer,” and identifying whether this may be contributing to
the elevated risk of neoplasia in the context of Braf mutation
remains an important area for future studies.

Here, we have identified three distinct patterns of temporal
DNA methylation in the intestine in response to Braf mutation
and in the wild-type setting. Type-A DNA methylation alterations
occur with age in the normal intestine. There exists a subset of
age-associated loci that are prone to a change in the rate of DNA
methylation accumulation in response to oncogenic Braf, we
have termed these loci type-AB. Type-B DNA methylation alter-
ations occurred with age, but were exclusive to animals with Braf
mutation. Both type-A and type-AB loci were enriched for path-
ways that are relevant to colorectal carcinogenesis, and many of
these loci have been reported to be methylated in colon cancers,
although to a much greater extent. Thus, we hypothesise that in
humans, given an unlimited lifespan, many of the DNA methyl-
ation alterations that are observed in BRAF mutant cancers may
arise in the absence of BRAF mutation, although over a signifi-
cantly longer period. The functional consequences of type-A and
type-AB methylation in the setting of serrated neoplasia remain
unclear, and further study is warranted to elucidate their role
in priming the intestinal epithelia for neoplastic transformation.

We next examined tumour burden in animals exposed to
mutant Braf for 5 months, either from wean or in animals aged
to 9 months. In the aged mice, there was a 10-fold increased
relative risk of developing a mSL compared with mice exposed
to mutant Braf from wean. We did not observe invasive cancer
in our study, and thus it remains possible that ageing facilitates
the acquisition of overt cytological dysplasia in serrated lesions,
but that some dwell time is still required for malignant progres-
sion. In humans, dysplastic SSLs terminate to malignancy in
~12months."

Comparisons of the DNA methylation landscape of these
groups revealed highly divergent epigenetic profiles. Braf*
animals displayed extensive hypermethylation, predominantly
confined to type-AB loci. We observed some hypermethylation
of type-B loci, suggesting that certain genomic regions become
predisposed through ageing to rapid methylation acquisition
following activation of oncogenic Braf. Pathways analysis of the
affected genes did not reveal enrichments for cancer-associated
pathway, and thus we believe it is improbable that type-B meth-
ylation differences explain the increased risk of neoplasia in
the aged intestine; however, given the correlative nature of our
study, it remains possible that some methylation alterations in
type-B loci might contribute to the overall increased risk. In
contrast, type-AB methylation differences were enriched for the
WNT signalling pathway, and the enrichment for WNT signal-
ling among these specific type-AB loci was stronger than the
overall fold enrichment of type-AB loci. When we examined
Braf’™'* mice that had mSLs, in comparison to those that did not,
we observed significant hypermethylation at gene promoters and
especially those encoding WNT signalling regulators. Many of
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Table 6 Summary of timepoints and analysis performed on the
respective samples

Reduced representation

bisulfite sequencing (DNA Histopathological

Group methylation) RNA-Seq assessment
Braf"1%® 5 3

Braf"1W 4

Braf"*M 9 4 24
Braf"®" 3

Braf"1 4

Braf" 1™ 4 4

Braf '™ 12 4 32
wt'® 3 3

thDW 3

we 3 3

we 4

wt'™ 4

wt'M 4 3

e 5

the loci that were hypermethylated with age, either in the wild-
type or Braf mutant setting, were lowly expressed. Methylation
was not correlated with expression in many of these genes. Tao
et al'® reported a similar finding in their in vitro system. They
note that although lowly expressed in all conditions, DNA meth-
ylation appeared to restrain the activation of affected genes, and
thus transient, context-dependent expression was prevented. We
hypothesis that this phenomena is also occurring in our in vivo
model. Transcriptomic profiling of the intestine of Braf’™* (in
comparison to Braf" " animals), revealed significant repression
of WNT signalling. The repression of WNT signalling in the
ageing intestine is consistent with previous studies.*> The repres-
sion of WNT signalling in the aged epithelium may heighten the
selective pressure for pro-transformation (epi)genetic alterations
in WNT signalling, which may ultimately result in neoplastic
transformation and the formation of an mSL. This is consistent
with our earlier finding that mSLs** (and growth factor inde-
pendent Braf mutant organoids'®) frequently harbour Ctnnb1
mutations, and our observation here of increased Wnt signalling
activity in mSLs.

In vitro assessment of colonic organoids has also shown that
DNA methylation changes accumulate over time and may create
an environment more permissive to oncogenic transformation.'®
The elegant experiments of Tao et al'® showed that organoids
continuously cultured for 12 months were signficiantly more
predisposed to Braf-induced transformation than those that were
cultured for shorter periods. This finding implied that ageing
may modify the risk of Braf-induced transformation. The in vivo
study we present here provides an important validation of these
findings and resolves a key limitation in this earlier work, being
the possibility that the culture environment may have contrib-
uted to the effects Tao et al'® observe. Our study shows this not
to be the case, and lays forth a foundation for clinical studies in
this area. On the mechanism of DNA methylation acceleration of
by Braf, we identify three hypotheses. The first, as proposed by
Tao et al,'® is that cells harbouring DNA methylation alterations
that have occurred during ageing have a growth advantage, and
continue to be selected for in the presence of Braf mutation, thus
increasing the overall level of DNA methylation in the sample.
The second, that Braf mutation induces a process that directly
influences DNA methylation (such as oxidative stress, or via

MAFG as suggested by Fang et al'®), and the third that age-
associated DNA methylation alterations are accelerated by Braf
as a consequence of oncogene-induced proliferation and mitosis,
and thus the tissue ‘ages’ relatively more rapidly compared with
the wild-type intestine. Discerning between these competing
(or potentially co-occuring) hypotheses is an important area of
future research.

We also examined the impact of epigenetic drift in human
samples. We developed an epigenetic clock model for human
colon using two independent datasets. We then applied this to a
series of SSL and observed an acceleration of epigenetic age of 11
years. Moreover, we report that DNA extracted from the non-
dysplastic compartment of human SSLs with a focus of dysplasia
has an elevated epigenetic age when compared with age-matched
human SSLs with no evidence of cytological dysplasia. These
data indicate that advanced epigenetic age may indicate risk of
neoplastic progression.

In this study, we aged mice to 9 months prior to activating
oncogenic Braf, equivalent to middle age in humans. Future
studies could age animals for much longer to mimic elderly
humans, before inducing the Braf mutation for even shorter
periods of time. We also obtained samples from the small intes-
tine, as this is where most of the phenotype associated with this
model develop. This is consistent with prior works in models
of colorectal cancer. Future work could develop models that
develop phenotypes in the large bowel to maintain consistency
with human colorectal cancer. In addition, further validation
in human specimens is required, especially in polyps where
the dwell time can be calculated from a previous clearing colo-
noscopy. As the CIMP is an indelible component of human
BRAF mutant cancers, this was the focus of our investigations.
Recently, Lee-Six and colleagues® showed the pervasive accu-
mulation of genetic alterations that scales with age, in the colonic
crypts of healthy participants. Lee-Six et al* reported that ~1%
of colonic crypts of middle-aged participants contained driver
mutations. In this study, we preserved the mSLs in formalin for
histopathological analysis, as such we were unable to assess the
mutational status of lesions. It is possible that age-associated risk
of serrated neoplasia is also influenced by the accumulation of
genetic lesions with age, and that some of these genetic alter-
ations may subvert the cellular processes restraining transfor-
mation. It is likely that a combination of age-associated events
contributes to the risk we have observed in the present study.

CONCLUSION

Here, we have comprehensively evaluated epigenetic drift in
the murine intestine and shown that prolonged exposure to
mutant Braf rapidly accelerates the rate of epigenetic drift. We
have provided evidence that the WNT signalling pathway is a
putative target of epigenetic drift. We have demonstrated in vivo
that mutation of Braf in an aged intestine dramatically increases
the rate of developing neoplasia compared with the same muta-
tion occurring in young intestine, and show striking methylation
differences between the intestinal epithelium of animals induced
at a young age compared with those at an older age. Our in vitro
organoid studies show that DNA demethylation via DNMT1
inhibition in aged organoids prevents Braf-induced cytolog-
ical dysplasia and inhibits proliferation. These findings may
have implications for our understanding of the development of
serrated neoplasia across the age spectrum in humans and may
influence the rational development of personalised surveillance
guidelines according to the age of the individual. The ability
to reverse epigenetic alterations also provides an impetus for
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investigating chemopreventive strategies to slow epigenetic drift
to attenuate cancer development.

METHODS

Murine model of serrated neoplasia

We recapitulated Braf mutant serrated neoplasia in vivo by
crossing animals with the conditionally activated Braf'®’ allele
with Villin®“®®T2 animals as previously reported.”” Intraperi-
toneal administration (75 mg/kg) of tamoxifen at 14 days post
birth directs intestinally specific recombination of the Braf'®*""
allele, which is analogous to the human BRAFY**® mutation.
Animals were genotyped using the method reported by Bond et
al.® Braf mutation was activated at wean (™) and animals were
sacrificed at a range of timepoints across the murine lifespan
(referred to as Braf¥ ~, where * = the number of months post
induction of the Braf mutation) (table 6). We also examined the
morphological implications of ageing following Braf mutation
by activating oncogenic Braf at 9 months of age for a period of
5 months. We assessed the histology, DNA methylation and gene
expression of the intestinal epithelium of these animals (table 6).
All molecular analyses, with the exemption of the nanostring
assay were performed on intestinal epithelial samples, and not
mSLs, which were preserved for histological analyses. Extended
methods are available as supplemental materials. We confirmed
efficient recombination of the mutant Braf allele by polyacryl-
amide gel electrophoresis of DNA extracted from intestinal
samples (online supplemental figure 8).

Acknowledgements We acknowledge the work of the staff at the Australian
Genome Research Facility and the QIMR Berghofer Sequencing Facility for their
work on generating the sequence data analysed in this study, and the work of the
QIMR Berghofer Histology department in preparing histological specimens. We
acknowledge the contributions of the reviewers in enhancing the study.

Contributors LF: Conceptualisation, data curation, formal analysis, investigation,
software, methodology, writing—original draft, writing—review and editing. AK:
Methodology, investigation, project administration, writing—review and editing.
CL: Investigation, data curation, methodology, writing—review and editing. DM:
Investigation, project administration, writing—review and editing. GH: Formal
analysis, statistical analysis, writing—review and editing. CS: Investigation,
writing—review and editing. CB: Conceptualisation, investigation, project
administration, writing — review and editing. MB: Conceptualisation, funding
acquisition, methodology, writing—review and editing. BL: Conceptualisation,
funding acquisition, project administration, supervision, writing—review and editing.
VW: Conceptualisation, funding acquisition, project administration, supervision,
writing—original draft, writing—review and editing.

Funding This work was supported through funding from the National Health and
Medical Research Council (Grant No: 1050455, 1063105), the Cancer Council
Queensland (1160923), the RBWH Research Foundation and Pathology Queensland.
VW is the recipient of a Senior Research Fellowship from the Gastroenterological
Society of Australia. LF was supported by a Research Training Program Living
Scholarship from the Australia Government, a Top-Up award from QIMR Berghofer
and Australian Rotary Health.

Competing interests None declared.

Patient consent for publication Not required.

Provenance and peer review Not commissioned; externally peer reviewed.
Data availability statement Data are available on reasonable request.

Supplemental material This content has been supplied by the author(s). It

has not been vetted by BMJ Publishing Group Limited (BMJ) and may not have
been peer-reviewed. Any opinions or recommendations discussed are solely those
of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and
responsibility arising from any reliance placed on the content. Where the content
includes any translated material, BMJ does not warrant the accuracy and reliability
of the translations (including but not limited to local regulations, clinical guidelines,
terminology, drug names and drug dosages), and is not responsible for any error
and/or omissions arising from translation and adaptation or otherwise.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,

and license their derivative works on different terms, provided the original work is
properly cited, appropriate credit is given, any changes made indicated, and the use
is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iD
Lochlan Fennell http://orcid.org/0000-0003-3214-3527

REFERENCES

1 Spring KJ, Zhao ZZ, Karamatic R, et al. High prevalence of sessile serrated adenomas
with BRAF mutations: a prospective study of patients undergoing colonoscopy.
Gastroenterology 2006;131:1400-7.

2 Carr NJ, Mahajan H, Tan KL, et a/. Serrated and non-serrated polyps of the colorectum:
their prevalence in an unselected case series and correlation of BRAF mutation
analysis with the diagnosis of sessile serrated adenoma. J Clin Pathol 2009;62:516-8.

3 Pohl H, Srivastava A, Bensen SP, et al. Incomplete polyp resection during colonoscopy-
results of the complete adenoma resection (care) study. Gastroenterology
2013;144:74-80.

4 Bettington M, Walker N, Rahman T, et al. High prevalence of sessile serrated
adenomas in contemporary outpatient colonoscopy practice. Intern Med J
2017;47:318-23.

5 Bettington M, Brown I, Rosty C, et al. Sessile serrated adenomas in young patients
may have limited risk of malignant progression. J Clin Gastroenterol 2019;53:e113-6.

6 Fennell L, Dumenil T, Wockner L, et a/. Integrative genome-scale DNA methylation
analysis of a large and unselected cohort reveals 5 distinct subtypes of colorectal
adenocarcinomas. Cell Mol Gastroenterol Hepatol 2019;8:269-90.

7 Lieberman DA, Rex DK, Winawer SJ, et al. Guidelines for colonoscopy surveillance
after screening and polypectomy: a consensus update by the US Multi-Society Task
force on colorectal cancer. Gastroenterology 2012;143:844-57.

8 Fan C, Younis A, Bookhout CE, et a/. Management of serrated polyps of the colon.
Curr Treat Options Gastroenterol 2018;16:182-202.

9 Leggett B, Whitehall V. Role of the serrated pathway in colorectal cancer pathogenesis.
Gastroenterology 2010;138:2088—-100.

10 Bettington M, Walker N, Clouston A, et al. The serrated pathway to colorectal
carcinoma: current concepts and challenges. Histopathology 2013;62:367-86.

11 Bettington M, Walker N, Rosty C, et al. Clinicopathological and molecular features of
sessile serrated adenomas with dysplasia or carcinoma. Gut 2017,66:97—106.

12 Weisenberger DJ, Siegmund KD, Campan M, et al. Cpg island methylator phenotype
underlies sporadic microsatellite instability and is tightly associated with BRAF
mutation in colorectal cancer. Nat Genet 2006;38:787-93.

13 Kambara T, Simms LA, Whitehall VLJ, et al. Braf mutation is associated with DNA
methylation in serrated polyps and cancers of the colorectum. Gut 2004;53:1137-44.

14 Liu C, Bettington ML, Walker NI, et al. CpG island methylation in sessile serrated
adenomas increases with age, indicating lower risk of malignancy in young patients.
Gastroenterology 2018;155:1362-5.

15 Hinoue T, Weisenberger DJ, Pan F, et al. Analysis of the association between CIMP and
BRAF in colorectal cancer by DNA methylation profiling. PLoS One 2009;4:e8357.

16 Fang M, Ou J, Hutchinson L, et al. The BRAF oncoprotein functions through the
transcriptional repressor MafG to mediate the CpG island methylator phenotype. Mo/
Cell 2014;55:904-15.

17 Minoo P, Baker K, Goswami R, et a/. Extensive DNA methylation in normal colorectal
mucosa in hyperplastic polyposis. Gut 2006;55:1467-74.

18 Tao Y, Kang B, Petkovich DA, et al. Aging-like spontaneous epigenetic silencing
facilitates wnt activation, stemness, and Braf'****-induced tumorigenesis. Cancer Cell
2019;35:315-28.

19 Bond CE, Liu C, Kawamata F, et al. Oncogenic BRAF mutation induces DNA
methylation changes in a murine model for human serrated colorectal neoplasia.
Epigenetics 2018;13:40-8.

20 Maegawa S, Hinkal G, Kim HS, et al. Widespread and tissue specific age-related DNA
methylation changes in mice. Genome Res 2010;20:332—-40.

21 Teschendorff AE, West J, Beck S. Age-Associated epigenetic drift: implications, and a
case of epigenetic thrift? Hum Mol Genet 2013;22:R7-15.

22 \Veitia RA, Govindaraju DR, Bottani S, et al. Aging: somatic mutations, epigenetic drift
and gene dosage imbalance. Trends Cell Biol 2017,27:299-310.

23 Gentilini D, Garagnani P, Pisoni S, et al. Stochastic epigenetic mutations (DNA
methylation) increase exponentially in human aging and correlate with X chromosome
inactivation skewing in females. Aging 2015;7:568-78.

24 Shah S, McRae AF, Marioni RE, et al. Genetic and environmental exposures constrain
epigenetic drift over the human life course. Genome Res 2014;24:1725-33.

25 Rakyan VK, Down TA, Maslau S, et al. Human aging-associated DNA hypermethylation
occurs preferentially at bivalent chromatin domains. Genome Res 2010;20:434-9.

26 Han Y, Eipel M, Franzen J, et al. Epigenetic age-predictor for mice based on three CpG
sites. Elife 2018;7. doi:10.7554/eLife.37462. [Epub ahead of print: 24 08 2018].

27 Horvath S. Dna methylation age of human tissues and cell types. Genome Biol
2013;14:R115.

28 Horvath S, Ritz BR. Increased epigenetic age and granulocyte counts in the blood of
Parkinson’s disease patients. Aging 2015;7:1130-42.

Fennell L, et al. Gut 2022;71:1127-1140. doi:10.1136/gutjnl-2020-322166

1139


https://dx.doi.org/10.1136/gutjnl-2020-322166
http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0003-3214-3527
http://dx.doi.org/10.1053/j.gastro.2006.08.038
http://dx.doi.org/10.1136/jcp.2008.061960
http://dx.doi.org/10.1053/j.gastro.2012.09.043
http://dx.doi.org/10.1111/imj.13329
http://dx.doi.org/10.1097/MCG.0000000000001014
http://dx.doi.org/10.1016/j.jcmgh.2019.04.002
http://dx.doi.org/10.1053/j.gastro.2012.06.001
http://dx.doi.org/10.1007/s11938-018-0176-0
http://dx.doi.org/10.1053/j.gastro.2009.12.066
http://dx.doi.org/10.1111/his.12055
http://dx.doi.org/10.1136/gutjnl-2015-310456
http://dx.doi.org/10.1038/ng1834
http://dx.doi.org/10.1136/gut.2003.037671
http://dx.doi.org/10.1053/j.gastro.2018.07.012
http://dx.doi.org/10.1371/journal.pone.0008357
http://dx.doi.org/10.1016/j.molcel.2014.08.010
http://dx.doi.org/10.1016/j.molcel.2014.08.010
http://dx.doi.org/10.1136/gut.2005.082859
http://dx.doi.org/10.1016/j.ccell.2019.01.005
http://dx.doi.org/10.1080/15592294.2017.1411446
http://dx.doi.org/10.1101/gr.096826.109
http://dx.doi.org/10.1093/hmg/ddt375
http://dx.doi.org/10.1016/j.tcb.2016.11.006
http://dx.doi.org/10.18632/aging.100792
http://dx.doi.org/10.1101/gr.176933.114
http://dx.doi.org/10.1101/gr.103101.109
http://dx.doi.org/10.7554/eLife.37462
http://dx.doi.org/10.1186/gb-2013-14-10-r115
http://dx.doi.org/10.18632/aging.100859

Colon

29 Levine ME, Hosgood HD, Chen B, et al. DNA methylation age of blood 37 Luebeck GE, Hazelton WD, Curtius K, et al. Implications of epigenetic drift in
predicts future onset of lung cancer in the women's health Initiative. Aging colorectal neoplasia. Cancer Res 2019;79:495-504.
2015;7:690-700. 38 Barrow TM, Klett H, Toth R, et al. Smoking is associated with hypermethylation

30 Christiansen L, Lenart A, Tan Q, et al. DNA methylation age is associated with of the APC 1A promoter in colorectal cancer: the ColoCare study. J Pathol
mortality in a longitudinal Danish twin study. Aging Cell 2016;15:149-54. 2017,243:366-75.

31 Perna L, Zhang Y, Mons U, et al. Epigenetic age acceleration predicts cancer, 39 Liu G, Fennell LJ, Bettington ML, et a/. Dna methylation changes that precede onset of
cardiovascular, and all-cause mortality in a German case cohort. Clin Epigenetics dysplasia in advanced sessile serrated adenomas. Clin Epigenetics 2019;11:90.
2016;8:64. 40 Christensen BC, Houseman EA, Marsit CJ, et al. Aging and environmental exposures

32 MiH, Muruganujan A, Ebert D, et a/. Panther version 14: more genomes, a new alter tissue-specific DNA methylation dependent upon CpG island context. PLoS
Panther GO-slim and improvements in enrichment analysis tools. Nucleic Acids Res Genet 2009;5:¢1000602.
2019;47:D419-26. 41 Borowsky J, Dumenil T, Bettington M, et a/. The role of APC in Wnt pathway activation

33 Stubbs TM, Bonder MJ, Stark A=K, et al. Multi-Tissue DNA methylation age predictor in in serrated neoplasia. Mod Pathol 2018;31:495-504.
mouse. Genome Biol 2017;18:68. 42 LianJ, Yue Y, Yu W, et al. Inmunosenescence: a key player in cancer development. J

34 Meer MV, Podolskiy DI, Tyshkovskiy A, et al. A whole lifespan mouse multi-tissue DNA Hematol Oncol 2020;13:151.
methylation clock. Elife 2018;7. doi:10.7554/eLife.40675. [Epub ahead of print: 14 43 Nalapareddy K, Nattamai KJ, Kumar RS, et al. Canonical Wnt signaling ameliorates
112018]. aging of intestinal stem cells. Cell Rep 2017;18:2608-21.

35 SatoT, Clevers H. Primary mouse small intestinal epithelial cell cultures. Methods Mol 44 Kane AM, Fennell L, Liu C, et a/. Alterations in signaling pathways that accompany
Biol 2013;945:319-28. spontaneous transition to malignancy in a mouse model of BRAF mutant

36 CuiH, Tang D, Garside GB, et al. Wnt signaling mediates the aging-induced microsatellite stable colorectal cancer. Neoplasia 2020;22:120-8.
differentiation impairment of intestinal stem cells. Stem Cell Rev Rep 45 Lee-Six H, Olafsson S, Ellis P, et a/. The landscape of somatic mutation in normal
2019;15:448-55. colorectal epithelial cells. Nature 2019;574:532-7.

1140 Fennell L, et al. Gut 2022;71:1127-1140. doi: 10.1136/gutjnl-2020-322166


http://dx.doi.org/10.18632/aging.100809
http://dx.doi.org/10.1111/acel.12421
http://dx.doi.org/10.1186/s13148-016-0228-z
http://dx.doi.org/10.1093/nar/gky1038
http://dx.doi.org/10.1186/s13059-017-1203-5
http://dx.doi.org/10.7554/eLife.40675
http://dx.doi.org/10.1007/978-1-62703-125-7_19
http://dx.doi.org/10.1007/978-1-62703-125-7_19
http://dx.doi.org/10.1007/s12015-019-09880-9
http://dx.doi.org/10.1158/0008-5472.CAN-18-1682
http://dx.doi.org/10.1002/path.4955
http://dx.doi.org/10.1186/s13148-019-0691-4
http://dx.doi.org/10.1371/journal.pgen.1000602
http://dx.doi.org/10.1371/journal.pgen.1000602
http://dx.doi.org/10.1038/modpathol.2017.150
http://dx.doi.org/10.1186/s13045-020-00986-z
http://dx.doi.org/10.1186/s13045-020-00986-z
http://dx.doi.org/10.1016/j.celrep.2017.02.056
http://dx.doi.org/10.1016/j.neo.2019.12.002
http://dx.doi.org/10.1038/s41586-019-1672-7

	﻿Braf﻿ mutation induces rapid neoplastic transformation in the aged and aberrantly methylated intestinal epithelium
	Abstract
	Introduction﻿﻿
	Results
	Temporal CpG island hypermethylation in the intestinal epithelium of wild-type mice
	Tumour suppressor genes and regulators of intestinal differentiation are putative targets of intestinal age-associated DNA methylation
	Immune-related signalling is dysregulated in the aged intestine
	﻿Braf﻿ mutation potentiates age-related DNA methylation changes

	Intestinal epigenetic age is increased by prolonged exposure to oncogenic BRAF
	﻿Braf﻿ mutation-specific DNA methylation alterations
	The differential effects of ﻿Braf﻿ mutation in the aged intestine
	Expression profiling of ﻿Braf﻿﻿9﻿﻿–14﻿ mice reveals repression of WNT in the intestinal epithelium
	Cancer associated signaling in murine serrated lesions
	Inhibition of DNA methylation attenuates viability of aged intestinal organoids following activation of oncogenic ﻿Braf﻿
	Epigenetic drift is accelerated in human SSLs

	Discussion
	Conclusion
	Methods
	Murine model of serrated neoplasia

	References


