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ABSTRACT ARTICLE HISTORY
Age-related DNA methylation is a potential mechanism contributing to breast cancer develop- Received 31 March 2020

ment. Studies of primarily Caucasian women have identified many CpG sites of age-related Revised 4 August 2020
methylation in non-diseased breast tissue possibly driving cancer development over time. There Accepted 18 August 2020
is a paucity of studies involving Asian women whose ages at breast cancer onset are usually
younger than Caucasians. We identified the 181 most consistent age-related methylation events
in non-diseased breast tissue across published studies. Age-related methylation events were
measured in adjacent normal and breast tumour tissue in an exclusively Asian population at
the previously identified age-related methylation sites. Age-related methylation was found in 118
probes in adjacent normal breast tissue. Methylation of 99% of these sites was increased with age
and predominantly located on CpG islands in promoter regions. To ascertain biological relevance
to breast cancer, we focused on the 37 sites with overall higher methylation in tumour compared
to adjacent normal samples. Some sites positively related to age, including AQP5 and COROS,
inversely correlated with gene expression. Several others have known involvement in suppression
of carcinogenesis including GPC5 and SST, suggesting that perturbation of epigenetic regulation
at these sites due to ageing may contribute to the progression of carcinogenesis. This study
highlights an age-related methylation landscape in non-tumour tissue, consistent not just across
studies, but also across different populations. We present candidate age-related methylation sites
warranting further investigation as potential epigenetic drivers of breast cancer. They may serve
as potential targets of site-specific demethylation intervention strategies for the prevention of
age-related breast cancer.
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Introduction DNA methylation has been investigated as an
epigenetic process driving age as a breast cancer
risk factor. DNA methylation is a stable but mod-
ifiable epigenetic process where a methyl group is
transferred onto the C5 position of a cytosine,
forming 5-methylcytosine. Increased methylation
at CpG sites in promoter regions is associated with
gene inactivation and transcriptional repression.
DNA methylation has previously been shown to
be associated with breast carcinogenesis [3,4].
DNA methylation is reversible however, suggest-
ing it could be a targetable intervention strategy in
cancer prevention.

Breast cancer is the most commonly diagnosed cancer
and a leading cause of cancer death in females world-
wide [1]. Age is a well-established risk factor for breast
cancer suggesting that the biological ageing process is
a direct driver of breast cancer aetiology. In the
United States (US), the probability of developing an
invasive breast cancer increases steadily from 2.3% for
women aged between 50 and 59 years to 6.7% for
women aged >70 years [2]. However, the biological
mechanisms through which age contributes to carci-
nogenesis have not been fully elucidated.
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Methylation changes are hypothesized to occur
very early on in the carcinogenic process.
According to this hypothesis, a subpopulation of
normal cells undergoes methylation changes due
to normal ageing which may serve as preferred
targets for oncogenic transformation [5]. Those
clones that acquire cancer-promoting epigenetic
alterations due to ageing may outgrow other
clones. Genome-wide studies have been published
in the past 5 years reporting increased age-related
methylation in normal breast tissue. These studies
have identified changes occurring in tissue long
before any detectable breast cancer may develop
which might be contributing to the carcinogenic
process [4,6,7]. Participants in these studies were
mostly Caucasians with small numbers of Hispanic
[5] and African-American participants [5,6] and
no reported Asian participants.

Patterns of genome-wide methylation have been
found to differ between African-American (AA)
women and European-American (EA) women in
both healthy and cancerous breast tissue [8,9].
Hypermethylation of genes related to breast cancer
in healthy tissue is associated with previous family
history but also with race [8]. In the tumour,
hypermethylation of sites on genes coding for cer-
tain tumour suppressors, e.g., HINI, RASSFIA,
and RAR- occur more commonly in AA women
compared to EA women and decreased expression
of these genes potentially contributes to the dis-
proportionately negative outcomes experienced by
AA women with breast cancer (reviewed exten-
sively in [6]). However, there is a paucity of studies
involving Asian participants in this regard.

Age-standardized incidence rates of female
breast cancer in many Asian countries including
Hong Kong are lower compared to Northern
America and Europe but it is still the most com-
mon cancer among Asian women [1,2]. The lower
incidence has been linked to the lower prevalence
of known breast cancer risk factors in Asian popu-
lations such as obesity and differing screening
practices between countries. However, incidence
rates have been increasing sharply in recent dec-
ades and this increase has been mostly attributed
to the adoption of a more westernized lifestyle in
many Asian countries [1]. Nevertheless, breast
cancer among Asian women seems to have earlier
age at breast cancer onset, which may largely be

driven by the cohort effect [10], but it is also
possible that there is a distinct age-related aetiol-
ogy in Asian women. Identification of age-related
methylation changes in an Asian population may
improve our understanding of age disparities as
well as uncover important, targetable molecular
drivers of breast cancer.

In this study, we identified age-related methyla-
tion sites that were consistently reported in normal
breast tissue across at least two previously pub-
lished studies [4,6,7]. We confirm that previously
reported age-related methylation in normal breast
tissue is also present to a large degree in tumour-
adjacent normal tissue and among Asian women.
We used these age-related methylation events to
identify candidates that warrant further investiga-
tion as potential molecular drivers underlying age-
ing that may be viable targets for intervention.

Materials and methods
Study population

Data and biospecimens were collected from
a hospital-based breast cancer case—control study in
Hong Kong (HK) as previously described [11].
Briefly, fresh frozen breast tumours and paired nor-
mal tissues were collected from incident breast can-
cer patients (aged 20-84 years) in two HK hospitals
diagnosed between 2013 and 2016. Patients with pre-
surgery treatment were excluded from the study.
Clinical characteristics and risk factors were
obtained from medical records and questionnaires.
The study protocol was approved by ethics commit-
tees of the Joint Chinese University of Hong Kong-
New Territories East Cluster, the Kowloon West
Cluster, and the National Cancer Institute (NCI).
Written informed consent was obtained prior to
the surgery for all participants.

Methylation (adjacent normal: n = 97 and tumour:
n = 559) and gene expression data from Caucasian
women (adjacent normal: n = 111 and tumour:
n = 559) were extracted from The Cancer Genome
Atlas (TCGA) and were used to compare results.

DNA methylation analysis

Paired tumour and histologically normal breast
tissue samples were processed for pathology



review at the Biospecimen Core Resource,
Nationwide Children’s Hospital, using modified
TCGA criteria [12]. Specifically, only tumours
with >50% tumour cells and normal tissue with
0% tumour cells were included for DNA/RNA
extraction. We subsequently performed principle
component analysis and further excluded tumour
samples that grouped with normal samples and
normal samples that grouped with tumour sam-
ples. Dual DNA and RNA Extraction was per-
formed utilizing the AllPrep™ DNA/RNA Mini
Kit (Qiagen) for DNA and mirVana™ miRNA
Isolation Kit (Applied Biosystems) for total RNA
and small RNA. RNA was tested for quality and
quantity utilizing the Agilent 2100 Bioanalyzer
with the RNA 6000 NanoChip (Agilent). DNA
was quantified with the Quant-iT™ PicoGreen™
dsDNA Assay Kit (ThermoFisher). DNA molecu-
lar weight was evaluated by E-Gel™ 48 Agarose
Gels, 1% (ThermoFisher). Genome-wide methyla-
tion profiling was analysed on tumour and paired
histologically normal breast tissue from 139
patients using the Infinium MethylationEPIC
BeadChip Kit (Illumina) at the Cancer Genomics
Research Laboratory, NCI. Quality control (QC)
was performed using the basic intensity R package
minfi. Raw methylated and unmethylated intensi-
ties were background corrected and dye-bias-
equalized to correct for technical variation in sig-
nal between arrays. Probes located on chrX and
chrY, probes including common SNPs, probes
annotated in repetitive genomic regions (repeat-
mask hgl9 database) and probes with missing rate
>5% were removed. Probes with detection p-value
>0.01 were labelled as missing. No probes over-
lapped with GWAS loci. Test samples with >4%
missing genotyping data and QC samples were
removed. A functional normalization algorithm
was employed for normalization [13]. Functional
genomic locations, gene names, and chromosomal
location of CpG probes were determined using the
[llumina annotation file.

Gene expression

RNA sequencing data were generated in 139
tumours and 92 histologically normal breast tissue
samples that passed all quality control metrics at
Macrogen Corporation on Illumina HiSeq4000
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using TruSeq stranded RNA kit with Ribo-Zero
for rRNA depletion and 100-bp paired-end
method. Gene expression was quantified as TPM
(transcript per million) using RSEM [14] and
log2TPM was used for statistical analyses.
PAMS50 subtype was defined by an absolute intrin-
sic subtyping (AIMS) method [15]. The Estimation
of STromal and Immune cells in MAlignant
Tumour  tissues using  Expression  data
(ESTIMATE) tool was employed to predict
tumour purity [16].

Statistical analysis

Linear regression models were used to assess associa-
tions between methylation beta values and age. Age
was used as a continuous variable with the adjust-
ment for sample composition as a continuous vari-
able. Sample composition is a measurement of
percentage fat per sample in adjacent normal tissue
and tumour purity (ESTIMATE and tumour purity
data based on RNA sequencing data) for tumour
tissue. Further adjustment of BMI and parity did
not significantly change the results and we, therefore,
did not include them in the final model since risk
factor data were not available for all patients. A false
discovery rate (FDR) (q < 0.05) was applied to
account for multiple testing.

Spearman’s correlation was used to assess the
correlation of methylation (beta value) with an
expression of the corresponding gene. Samples
were only included in the correlation analysis if
both methylation and gene expression data were
available for the same patients (HK cohort-adjacent
normal n = 55, tumour n = 54; TCGA-adjacent
normal n = 83, tumour n = 71) and sample composi-
tion was adjusted for. Wilcoxon signed-rank tests
were used to compare expression levels of genes in
adjacent normal and tumour tissue. ANOVA with
post-hoc Bonferroni correction was used to compare
methylation and gene expression by molecular sub-
type. Disease-free survival for CORO6 was deter-
mined using BreastMark (http://glados.ucd.ie/
BreastMark/) [17].

Linear regression models were also used to
assess genome-wide associations between methyla-
tion beta values and age. Post-hoc Bonferroni cor-
rection (p-value = (0.05/486910 = 0.0000001026))
was applied to account for multiple testing. All
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statistical tests were two-sided unless otherwise
stated. Stata SE 15 was used for all analyses.

Ingenuity pathway analysis (IPA)

The gene list associated with age-related methyla-
tion probes was uploaded to IPA (Ingenuity
Systems, www.ingenuity.com) Qiagen, 2019.
Based on this list, IPA computed a score [score = -
log10(p-value)] as a measure of the probability of
finding these genes in a list of biological functions
and diseases stored in the IPA database.

Results

Demographic and clinical features of study parti-
cipants are outlined in Table 1. All participants
were of Chinese ethnicity and had lived in HK
for 5 or more years before breast cancer diagnoses.
The mean age, BMI, and number of children in
this patient cohort were 58 years, 24.8 (kg/m?),
and 2, respectively. The number of patients with
methylation and gene expression data is shown in
Figure 1(a) (HK) and Figure 1(b) (TCGA).

Consistent age-related methylation events
observed in HK women with breast cancer

Comparison of age-related methylation in normal
breast tissue reported across three previously pub-
lished genome-wide studies identified 181 probes
that consistently had age-related methylation
changes in at least two of the studies [4,6,7] (Figure
2(a)). The full list of the 181 probes can be found in
Supplementary Table 1. Data were available in the
HK dataset for 165 of these probes. After adjusting
for percentage fat in normal tissue samples, 118/165
(72%) of previously identified age-related methyla-
tion changes were also significant (FDR q < 0.05) in
adjacent normal tissue of HK patients (n = 84)
(Supplementary Table 1). Among the 118 probes,
116 showed a positive relationship to age, while
only two probes had decreased methylation
(Supplementary Table 2). A predominantly positive
relationship between methylation and age is consis-
tent with previously published effect size and direc-
tion of association for Caucasian women
(Supplementary Table 1) [4,6,7]. The positive asso-
ciation between age and methylation was less

Table 1. Demographic and clinical features of study
participants.
All (n = 139)
N %

Age at diagnosis (years) 139
Mean 58 11
<50 31 22.3
50-60 45 324
>60 63 45

BMI
Mean 24.8 4
<50 79 60.8
50-60 33 25.4
>60 18 13.8
Missing 9

Age at Menarche (years)
Mean 13.8 2.1
<12 15 1.4
14-Dec 55 41.7
>14 62 47
Missing 7

Parity 131 94
Mean 1.9
0 16 12.2
2-Jan 83 63.4
3+ 32 24.4
Missing 8

PAM50 Subtype 139 100
Luminal A 49 35
Luminal B 43 31
Basal 20 14
Her2+ 20 14
Normal 7 5

Grade
1 1 12.2
2 40 444
3 39 433
Missing 49

Stage
I/ 69 77.5
I 20 22.5
Missing 50

significant in tumour tissue (n = 94), with just 18/
118 probes showing significant positive relation to
age (Figure 2(b)) and the results did not vary sig-
nificantly by ER status (Supplementary Table 3).
Similar results were seen in TCGA despite the cohort
being from a very different demographic (100%
white) (demographic and clinical features of TCGA
tumour samples are provided in Supplementary
Table 4). Data for just 106/118 of the probes were
available in TCGA but 105/106 of those probes had
significant positive relationships to age in adjacent
normal tissue and only one probe had decreased age-
related methylation (n = 82, matched adjacent nor-
mal and tumour) (Figure 2(c)).

Most age-related methylation sites were in CpG
islands (72%) with probes also located in N_Shore
(13%), S_Shore (6%), OpenSea (5%), and S_Shelf
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Figure 1. Number of samples analysed from Asian women in the Hong Kong study (HK) and Caucasian women The Cancer Genome
Atlas (TCGA) with available methylation and gene expression data.

(1%) (Figure 2(d)). The age-related methylation
was enriched in core promoter regions [transcrip-
tion start site (TSS200) (42%) and TSS1500 (30%)]
(Figure 2(d)). IPA was used to identify the top diseases
associated with the CpG sites that showed age-related
methylation in the HK cohort. Genes associated with
the 118 significant age-related probes were uploaded
to IPA of which 112 gene names were recognized. The
top associated disease with this list of genes was cancer
with 105/112 genes previously linked to cancer in the
IPA network and the top molecular function was cell
to cell signalling and interaction (Figure 2(e)).

Potential biological relevance of the age-related
methylation events to breast cancer

To identify some key targets from this list of age-
related methylation sites which may have potential
biological relevance to breast cancer, we focused on
probes with higher overall methylation, i.e. higher
average beta value across all subjects, in tumour com-
pared to normal tissue (37 probes see

Supplementary Table 1) and restricted even further
only to probes located in the promoter region of the
gene which we defined here to be TSS200 or TSS1500.
This resulted in a list of 20 probes (Table 2).
Potential functional relevance was ascertained
by examining the correlation of the increased age-
related methylation of these probes with an
expression of the corresponding gene. Five probes
with higher overall methylation in tumour com-
pared to adjacent normal and located in the pro-
moter region had an inverse correlation with gene
expression in adjacent normal tissue (probes asso-
ciated with genes, AQP5, CPNE4, COROSG,
KCNC3, and RAB4A) (Supplementary Table 5).
Methylation of probes associated with AQP5,
CORO6 and RAB4A also inversely correlated with
gene expression in tumour tissue (Supplementary
Table 6). AQP5 is the only candidate from this list
where age-related methylation of the probe co-
occurred with age-related decreased expression of
the gene in both adjacent normal and tumour
tissue. This was fully confirmed in TCGA data



682 (&) M.KIELY ET AL.

a Johnson 2017 n=787

609

Johnson 2014 n=204 Song 2017 n=1214

b c
5
- L]
-8 . g
&= =< o
oN [og=3
88 8%
) Loy
Do 38
S| B 1
S
|_ Adjacent Normal EZEE Tumor ‘_ Adjacent Normal EZE Tumor
d Probe Location Functional Genomic Location
Missing 3'UTR Body
OpenSea S_Shelf 12 5'UTR 4%
5% \ - /‘Lé/_ 2% 1% _\ ° 20%

1stExon
N_Shore, 11%

13%

Island TSS200
73% 37%
e Top Associated Diseases Top Cellular and Molecular Functions

-log(p-value)
o hNWwa WO N
“log(p-value)

Cancer

Neurclogical Disease

Gastrointestinal Disease

cell Cycle

Gene Expression

Cellular Function and
Maintanance

Endocrine System Disorders
Small Moleculle Biochemistry

Figure 2. Consistent age-related methylation events across different studies in non-diseased breast tissue and in the adjacent
normal tissue of breast cancer patients from Hong Kong (HK) and The Cancer Genome Atlas (TCGA). (a) Venn diagram comparing the
number of age-related methylation events in three previously published genome-wide studies. (b) Box plot of beta coefficient values
for both adjacent normal and tumour tissue for the 118 probes with increased age-related methylation identified in the HK study
(n = 84). (c) Box plot of beta coefficient values for both adjacent normal and tumour tissue for the 105 probes with increased age-
related methylation in TCGA (n = 82) (d) Pie chart with the location (left) and functional genomic location (right) of statistically
significant age-related methylation probes from the HK study. (e) Ingenuity Pathway Analysis of 112 genes corresponding to probes
with increased age-related methylation sites in the HK cohort.
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Table 2. Age-related methylation probes with higher overall methylation in tumor compared to normal restricted to promoter region.

Probe Gene Name Location Chromosome
€g06034933 HIST3H2A TS5200 chr1
€g23091758 NRIP3 TS5200 chr11
908278892 KCNC3 TS5200 chr19
€g23995914 ZNF518B TS5200 chr4
€g15822346 SLC16A10 TS5200 chr6
€g16909962 RAB4A TSS200 chr1
€g13029847 SEZ6 TSS200 chr17
€g16480692 ZNF75A TS5200 chr16
€g21144922 Clorf59 TS5200 chr1
€g00516222 CORO6 TSS1500 chr17
€g00664406 GRM2 TSS1500 chr3
¢g03020208 AQP5 TSS1500 chr12
¢g03036557 GPC5 TSS1500 chri13
¢cg06737494 GHSR TSS1500 chr3
€g24724428 ELOVL2 TSS1500 chré
€g27320127 KCNK12 TSS1500 chr2
€g27541691 TUBG2 TSS1500 chr17
€g08614301 PBX4 TSS1500 chr19
€g00068155 CPNE4 TSS1500 chr3
€g18240400 ANUBL1 TSS1500 chr10

(Figure 3 and Supplementary Figure 1). The probe
associated with AQP5, ¢g03020208, had increased
age-related methylation and decreased gene
expression in adjacent normal in both HK and
TCGA cohorts (Figure 3(a), 3(b)). Overall methy-
lation of this probe was higher in tumour (Figure 3
(c)), while the overall expression of AQP5 was
lower in the tumour compared to normal tissue
in both cohorts (Figure 3(d)). Interestingly, the
methylation and expression of AQP5 appeared to
vary by molecular subtype. Methylation was lower
in basal tumours compared to other subtypes
although the differences did not reach statistical
significance in either dataset (Figure 3(e)).
Consistently, the highest expression levels of
AQP5 were seen in basal tumour samples in both
HK and TCGA datasets and this reached statistical
significance when basal patients were compared to
luminal A patients in TCGA (Figure 3(f)).

The probe cg00516222, which is associated
with the gene COROG, also showed increased age-
related methylation and higher overall methyla-
tion in tumour compared to adjacent normal
tissue in both HK and TCGA (Figure 4(a, c)).
Although we report no corresponding age-
related decrease in gene expression (Figure 4
(b)), inverse correlations between methylation
and gene expression for this probe and corre-
sponding gene were seen in both adjacent normal

and tumour (Supplementary Figure 2). In

addition, tumours had a significantly lower
expression level of this gene compared to adja-
cent normal tissue in the HK and TCGA datasets
(Figure 4(d)). Publicly available survival data
show that lower expression of CORO6 was asso-
ciated with decreased disease-free survival in
breast cancer patients (n = 1178, number of
events = 625, Hazard ratio = 0.83 (95% CI: 0.71--
0.97) (Figure 4(e)).

In contrast, some other probes did not show
negative correlations between methylation and
expression levels of the corresponding genes. For
example, the probe cg03036557, which is asso-
ciated with the gene GPC5, showed increased age-
related methylation and higher overall methylation
in tumour compared to adjacent normal tissue in
both HK and TCGA (Figure 5(a, b)). Although the
corresponding age-related decrease in gene expres-
sion was not significant (Figure 5(c)), and there
was no negative correlation between methylation
and gene expression for this probe in adjacent
normal or tumour tissue in HK, there was
a significant correlation between methylation and
expression in tissue from TCGA
(Supplementary Figure 3). Further, the overall
expression of this gene was decreased in tumour
compared to adjacent normal tissue in both HK
and TCGA (Figure 5(d)), supporting the link of
age-related methylation of this probe with cancer-
suppressing activities of this gene.

tumour
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Figure 3. Methylation and expression of AQP5 in tumour and adjacent normal tissue of breast cancer patients in Hong Kong (HK)
and The Cancer Genome Atlas (TCGA) datasets. (a) Methylation increases with increasing age for the probe cg03020208 correspond-
ing to the gene AQP5 in adjacent normal tissue in HK (n = 84) (left) and TCGA (n = 97) (right). (b) Gene expression decreases as age
increases for AQP5 in HK (n = 92) (left) and TCGA (n = 83) (right). (c) Overall methylation levels in adjacent normal and tumour tissue
for the AQP5 probe cg03020208 in HK (n = 85) (left) and TCGA (n = 82) (right). (d) Overall AQP5 expression levels in adjacent normal
and tumour tissue in HK (n = 72) (left) and TCGA (n = 83) (right). (e) Methylation of AQP5 in tumour tissue by molecular subtype in
HK (n = 70) (left) and TCGA (n = 63) (right) (f) Expression of AQP5 in tumour tissue by molecular subtype in HK (n = 116) (left) and

TCGA (n = 505) (right).
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Figure 4. Methylation and expression of CORO6 in tumour and adjacent normal tissue of breast cancer patients in Hong Kong (HK)
and The Cancer Genome Atlas (TCGA) datasets. (a) Scatterplot of increasing methylation with increasing age for the probe
€g00516222 corresponding to the gene CORO6 in adjacent normal tissue in HK (n = 84) (left) and TCGA (n = 97) (right). (b) Gene
expression doesn't decrease as age increases for CORO6 in HK (n = 92) (left) and TCGA (n = 83) (right). (c) Overall methylation levels
in adjacent normal and tumour tissue for the CORO6 probe cg00516222 in HK (left) and TCGA (right). (d) Overall CORO6 expression
levels in adjacent normal and tumour tissue in HK (n = 72) (left) and TCGA (n = 83) (right). (e) Overall survival for patients with high
versus low expression of CORO6.
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Figure 5. Methylation and expression of GPC5 in tumour and adjacent normal tissue of breast cancer patients in Hong Kong (HK)
and The Cancer Genome Atlas (TCGA) datasets. (a) Scatterplot of increasing methylation with increasing age for the probe
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adjacent normal and tumour tissue in HK (n = 72) (left) and TCGA (n = 83) (right).



Age-related methylation events observed only in
HK women with breast cancer

Taking advantage of the genome-wide methylation
data, we performed an agnostic search for age-
related methylation changes in adjacent normal
tissue in the HK dataset. After adjusting for multi-
ple comparisons and removing probes that have
been previously identified in Caucasian studies
and those that overlapped with either the
Horvath or breast tissue-specific epigenetic clocks,
we identified 154 CpG probes corresponding to
119 unique genes as potential age-related methyla-
tion sites that are exclusive in the HK dataset
(Supplementary Table 7). Many of these genes
play a role in breast cancer. Some have been
investigated as potential tumour suppressors, e.g.,
PDLIM?2 in breast [18] and PIK3IP1 in hepatocel-
lular carcinoma [19] or promoters of metastatic
processes (ZEBI) [20] with others reported as hav-
ing dual tumour suppressor and promoter roles
depending on context, e.g., RUNXI [21] and
SMAD3 [22,23].

Discussion

Age is well established as a major breast cancer
risk factor. Identifying age-related molecular
changes associated with breast cancer development
could be key to early risk stratification and pre-
vention strategies.

Our study compiles the most consistent age-
related methylation changes in non-diseased breast
tissue reported across several genome-wide stu-
dies. We progressed this work by reporting age-
related methylation changes in the adjacent nor-
mal breast tissue of an independent cohort con-
sisting of an Asian population which had not been
included in previous studies. Our study confirms
the most significant age-related methylation events
and showed that these findings are generalizable
across different population groups. It confirms
that age-related methylation occurs before the
development of disease or very early in the carci-
nogenic process and remains present after the
development of disease in tissue adjacent to the
tumour. We sought to identify which of these age-
related methylation changes are playing a role in
driving carcinogenesis.
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In this study, we report consistent sites of age-
related methylation changes in non-cancer breast
tissue with the vast majority showing increased
methylation with age. These age-related relation-
ships are not reported as frequently in the tumour
in our dataset however that is not a big surprise as
the age-related effect could be masked by the
other signalling events or disruptions that are
common in the chaotic cancer environment. To
examine the potential biological relevance of these
age-related methylation events in driving the can-
cer process, we focused on probes with higher
overall methylation in tumour compared to nor-
mal tissue, i.e., probes that were related to ageing
and cancer in the same manner. This was moti-
vated by the hypothesis that due to ageing,
a subpopulation of normal cells undergo methyla-
tion changes which may serve as preferred targets
for oncogenic transformation. While tumour-
initiating mutations can occur in any cell, those
with high levels of methylation are predisposed to
cancer formation. The hypothesis follows that
most of the de novo methylation seen in cancer
actually occurs prior to transformation and is then
clonally maintained in the tumour together with
the mutation. In addition, we further restricted
our analysis to probes located in the promoter
region and examining the correlation of methyla-
tion with an expression of the corresponding
genes. Our final list of 20 genes includes some
candidates already linked to cancer-causing pro-
cesses as well as genes with unclear relevance to
cancer. While this hypothesis-driven approach
facilitated the generation of a focused list of tar-
gets with a strong biological rationale, it has to be
noted that the other age-related genes that were
not highlighted using this approach may also be
important and relate to carcinogenesis through
mechanisms that are not straightforward for us
to evaluate.

We highlight three genes from the list, AQP5,
CORO6, and GPC5 for different reasons. AQP5 is
a water channel protein and is the only candidate
from our list which showed significant increased
age-related methylation in adjacent normal and
tumour in both HK and TCGA. Further, we
observed a decreased age-related AQP5 expression,
suggesting that the age-related methylation had
a silencing effect on the expression of the gene.
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Indeed, the inverse correlation between methyla-
tion and gene expression was found in both HK
and TCGA datasets. Interestingly, lower methyla-
tion and higher expression levels of AQP5 were
seen in basal compared to luminal tumours. This
could be important as high expression of AQP5
has been associated with poor prognosis [24,25].
Differential expression of this gene by subtype may
have important implications in methylation-based
interventions involving this gene, in that we may
need to think by subtype and not just at breast
cancer overall.

CORO6 has previously been identified as
a potential tumour suppressor in renal cancer
[26]. It was found frequently methylated in pri-
mary clear cell renal cell carcinoma and promoter
hypermethylation of CORO6 resulted in
a significant reduction of its expression level. In
our study, methylation increased with increasing
age in adjacent normal tissue. Consistently, overall
expression of CORO6 was at a much lower level in
tumour compared to adjacent normal tissue
(although the difference was not statistically sig-
nificant in TCGA), and there was an inverse cor-
relation between methylation and gene expression
in the HK cohort and in the tumour tissue of the
TCGA cohort. So, as methylation increases, we see
a decrease in gene expression in both adjacent
normal and tumour samples, suggesting that the
expression of this tumour suppressor gene might
be regulated by age-related methylation. In con-
trast to AQPS5, expression of CORO6 in the tumour
did not differ by molecular subtype.

The short follow-up time in the HK study pro-
hibited us from assessing the prognostic outcome
in relation to methylation/gene expression. We,
therefore, looked at disease-free survival data for
CORO6 in a publicly available dataset and found
that low expression was associated with worse
breast cancer overall survival. This suggests that
targeting CORO6 with strategies to demethylate its
methylation sites may have utility in increasing
expression of CORO6 which may help prolong
survival.

Inverse correlation between methylation and
gene expression for probes located in the promoter
region of the gene provides a straightforward and
useful biological rationale, yet it may not be the
only criteria for a potential target of intervention.

Expression of a gene in tumours may be influ-
enced by multiple mechanisms such as tumour
purity, copy number alterations, methylation,
somatic mutations, or other signalling pathways,
and so the correlation between methylation and
expression may not always be found. Those rela-
tionships that were preserved in cancer tissue,
such as AQP5, are of particular interest as poten-
tial intervention targets. However, this does not
mean that those not seen in cancer tissue are not
important since these age-associated signatures
may be disrupted during tumour progression.
Several genes from our probe list were located
inside or outside the promoter region, which did
not show significant correlations with expression
levels of the corresponding genes, but they have
been suggested as tumour suppressors in other
cancer types. Thus, methylation of sites on those
genes may still regulate gene expression in
tumours and interfere with the tumour suppres-
sing abilities of the proteins. For example, GPC5
was investigated as a metastasis suppressor gene in
non-small cell lung cancer [27]. Expression of
GPC5 was lower in lung cancer tissues compared
with adjacent noncancerous tissues and overall
5-year survival was higher for adenocarcinoma
patients that tested positive for GPC5 compared
to those tested negative. Although there was no
direct correlation between methylation and
expression of GPC5 in the HK dataset or age-
related decrease in gene expression, the age-
related methylation increase was accompanied by
higher overall methylation and decreased expres-
sion of the gene in tumour compared to normal in
both HK and TCGA. Probes corresponding to
genes such as GPC5 in our analysis showed age-
and cancer-related increased methylation despite
the lack of correlation between methylation and
expression, suggesting that age-related methylation
in these genes might be driving pro-carcinogenesis
processes through alternative mechanisms.
Location of DNA methylation is thought to be
important to the complex relationship between
methylation and gene expression. Methylation
does not just occur within the promoter region
but is also common in the gene body. While
methylation surrounding the TSS and the region
of the first exon is strongly linked with transcrip-
tional silencing, methylation further downstream



of the promoter region in the gene body does not
have this same close association [28,29].
Differential gene-body methylation has been
shown to have implications in leukaemogenesis
and as a potential drug target in colon cancer
suggesting potential clinical value for targeting
methylation in this region of the gene [30,31].

Methylation of probes from our list located out-
side of the promoter region may also have biolo-
gical relevance. For example, UNCI3A has been
included in a panel of 21 DNA hypermethylation
hotspots in a signature developed to detect breast
cancer patients at high risk of recurrence [32].
Somatostatin (SST) is a neuroendocrine peptide,
shown to act as a tumour suppressor through
suppression of growth factor secretion, controlling
cell proliferation and inhibition of cell invasion
[33]. Hypermethylation of SST leading to gene
silencing has been suggested to be involved in
colorectal and oesophageal and gastric tumorigen-
esis [34-36]. An intervention to demethylate SST
has already been demonstrated which triggered
up-regulation of SST expression [36].

DNA  methylation-based epigenetic  age-
estimators or ‘Epigenetic clocks’ are sets of CpG
probes coupled with a mathematical algorithm to
estimate the age of a DNA source such as tissue or
cells [37-40], reviewed in [41]. Chronological age
has a substantial effect on patterns of methylation
in a tissue but biological age increases due to
environmental exposures and can affect the
methylation landscape [42]. Breast cancer patients
have also been shown to exhibit epigenetic age
acceleration in their normal breast tissue when
compared to non-diseased counterparts so the
use of the clocks as measures of biological age
may have utility as predictors of breast cancer
risk [43]. The Horvath clock was developed using
multiple tissue types so may have wide utility as
a multi-tissue predictor of biological age [38]. We
report very little overlap (10 CpG sites) between
the CpG sites used to estimate epigenetic age in
the Horvath clock and in our set of age-related
methylation sites that are present in at least 3
separate studies including our own Hong Kong
dataset (Supplementary Table 8 for list of over-
lapping CpGs). This is not surprising since it has
been shown that DNA methylation age was poorly
calibrated in breast tissue [38]. However, we also
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report very little overlap (3 CpG sites) between our
sites and the CpG sites included in a recently
developed breast tissue-specific epigenetic clock
(Supplementary Table 9 for list of overlapping
CpGs) [40]. Our results suggest that in breast
cancer specifically, other methylation sites separate
to what has been included in existing epigenetic
clocks are consistent in the ageing process of
breast tissue and may have biological relevance in
the progression to breast cancer.

The age-related methylation sites highlighted in
this study are potential epigenetic drivers of age as
a breast cancer risk factor. Investigating these poten-
tial targets using site-specific demethylation inter-
vention strategies could contribute to the prevention
of age-related breast cancer. Targeting methylation
to date has mostly focused on the removal of DNA
epigenetic modifier enzymes and the use of pan
DNA methylation inhibitors [44]. Targeted site-
specific manipulation of DNA methylation as an
intervention strategy in disease is a very recent
area of research with few studies. It is recognized
that DNA demethylation is technically challenging
as there is no single mechanism to remove methyla-
tion directly in mammals and off-target effects are
a concern (reviewed in [44]). However, it is possible.
A recent, promising study reported promoter reac-
tivation of the epigenetically silenced FMR1 gene
which causes fragile X syndrome by demethylation
of CGG repeats in Fragile X syndrome-induced
pluripotent stem cells using a fusion dCas9-
TETI1CD tool [45]. The induced reactivation was
sustainable in a human-mouse chimeric model.
This success indicates potential applications for tar-
geted DNA demethylation in disease states.

The strengths of our study include
a comprehensive collection of clinical and exposure
information and a detailed profiling of both gene
expression and methylation in both tumours and
paired normal tissue in an Asian population, and
the replication of findings in independent datasets.
However, there are some limitations to our study.
First, we did not have breast tissue from non-
diseased people available so we could not directly
replicate the work done in other studies in our Asian
population. It is recognized that tumour adjacent
normal tissue can have methylation changes as
a result of nearby tumour influence [46]. However,
the concordance between results shows that the age-
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related methylation landscape is very similar
between both normal and adjacent normal tissue
regardless of race. Second, our sample size is small;
however, we validated all major findings in TCGA.
Further, the short follow-up time in the HK study
prohibited us from assessing the prognostic out-
come in relation to methylation/gene expression.

In conclusion, this study has identified the most
consistent age-related methylation events in non-
cancer breast tissue across different populations.
We have generated a focused list of candidates
where methylation changes due to ageing may be
driving the development of breast cancer. These
candidate genes serve as a launchpad to explore
how targeted intervention at certain sites of epige-
netic change may be beneficial in determining the
role ageing is playing in breast cancer.
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