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The aim of the present review paper is to survey the literature related to DNA methylation,
and its association with cancer and ageing. The review will outline the key factors, including
diet, which modulate DNA methylation. Our rationale for conducting this review is that
ageing and diseases, including cancer, are often accompanied by aberrant DNA methyla-
tion, a key epigenetic process, which is crucial to the regulation of gene expression.
Significantly, it has been observed that with age and certain disease states, DNA methylation
status can become disrupted. For instance, a broad array of cancers are associated with pro-
moter-specific hypermethylation and concomitant gene silencing. This review highlights that
hypermethylation, and gene silencing, of the EN1 gene promoter, a crucial homeobox gene,
has been detected in various forms of cancer. This has led to this region being proposed as a
potential biomarker for diseases such as cancer. We conclude the review by describing a
recently developed novel electrochemical method that can be used to quantify the level of
methylation within the EN1 promoter and emphasise the growing trend in the use of elec-
trochemical techniques for the detection of aberrant DNA methylation.

Ageing: DNA methylation: Cancer: Electrochemistry

The epigenetic mechanism of DNA methylation controls
gene expression and repression’”. DNA methylation
refers to the covalent addition of methyl (CH3) groups
to the Cs position of the pyrimidine ring of cytosines,
typically in a CpG dinucleotide, of which there are
approximately 28 million in the haploid genome of a
human subject®. Regions of DNA with a high CpG con-
tent are referred to as CpG islands (CGI). There are
approximately 45000 CGI per human subject haploid
genome”, which are typically between 200 and 1400
bp in length® and generally located around transcription
start sites”. Saxonov ef al. determined that 72 % of pro-
moters are rich in predominantly unmethylated CpG®.
DNA methylation varies due to a number of factors
including age and disease status. Interestingly, hyper-
methylation of CpG sites in promoters or enhancers typ-
ically leads to transcriptional silencing, whereas
hypomethylation of CpG sites in a gene body frequently
results in an increase in gene expression®”.

As outlined in Fig. 1, the production of 5-methylcyto-
sine is regulated by DNA methyltransferases (DNMT)
DNMTI1, DNMT3a and DNMT3b, which transfer
CH; groups from S-adenosyl-L-methionine. DNMTI
primarily acts as a maintenance methyltransferase, tar-
geting hemimethylated DNA, formed after DNA replica-
tion, thus ensuring the re-establishment of the garental
DNA methylation pattern in daughter DNA®; while
DNMT3a and DNMT3b act as de novo DNMT®.
Additionally, there is another member of the DNMT?3
family, DNMT3L. Although catalytically inactive,
DNMT3L has been observed to markedly stimulate the
de mnovo methylation of DNA by DNMT3a when
coexpressed'?.

Demethylation can be either passive, through incor-
rect DNA replication, or be an active process regulated
by ten—eleven translocation (TET) enzymes. TET cata-
lyse the oxidation of 5-methylcytosine to 5-carboxylcy-
tosine via the intermediates 5-hydroxymethlcytosine
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Fig. 1. Overview of DNA methylation. De novo methylation is regulated by DNA methyltransferase
(DNMT)3a and DNMT3b and uses S-adenosyl methionine (SAM) as a methyl donor. The new
methylation pattern is passed on to daughter cells through DNMT1, which acts on hemi-methylated
DNA. DNA can become demethylated through the ten—eleven translocation (TET) and thymine DNA
glycosylase (TDG) enzymes and base excision repair (BER). 5mC, 5-methylcytosine; 5hmC,

5-hydroxymethlcytosine; 5fC, 5-formylcytosine; 5caC, 5-carboxylcytosine.

and S5-formylcytosine. Thymine DNA glycosylase then
removes S-carboxylcytosine and 5-formylcytosine from
the DNA strand allowing the insertion of an unmethy-
lated cytosine into the deleted base site through base
excision repair'".

Impact of ageing on DNA methylation

During ageing, epigenetic drift can be used to describe
the increase in methylation in CGI sites which are
unmethylated in the young, and the decrease in methyla-
tion globally. These findings have been reported across
species!?. Maegawa et al. showed that average methyla-
tion increased from 2 (sem 0-1) to 18 (sem 5), 2 (sem 0-3)
to 22 (sem 3) and 3 (sem 0-5) to 20 (sem 4) % with age in
sites observed to be unmethylated in young mice, rhesus
monkeys and human subjects, respectively. When analys-
ing highly methylated non-CGlI sites, ageing resulted in a
reduction in methylation from 94 (sem 0-4) to 78 (SEm 4),
94 (sem 0-3) to 73 (sem4) and 93 (sem 1) to 74 (sem 2) %
in the same three mammalian species. These data
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indicate that methylation drift associated with ageing is
evolutionarily conserved. Interestingly, drift rates were
calculated as 4-1(sem 1-2), 0-34 (sem 0-14) and 0-1 (SEM
0-02) % per year for mice, rhesus monkeys and human
subjects, respectively, and an inverse relationship
between the rate of methylation drift and longevity in
these mammalian species was established'?. A similar
finding was described by Wilson e al.'¥). In this work,
ageing resulted in a global decrease in 5-methyldeoxycyti-
dine in multiple tissues from two murine models and
human bronchial epithelial cells obtained from autopsy
donors, and an inverse relationship between lifespan
and rate of loss of 5-methyldeoxycytidine was reported.
An estimated loss of 5-6-8-9 X 10° and 2-3-2-8 x 10° per
year was observed for Mus musculus and Peromyscus leu-
copus species, which have lifespans of 3-5 and 8-0 years,
respectively, while a loss of 1.6x10* per year was
observed in human cells. Their conclusion corroborates
with the findings of Drinkwater et al."? where it was
determined that lymphocytes obtained from 20—
30-year-old volunteer donors contained 54-6 (SeM 1-6) %
methylated CmCGG sites, while a statistically significant
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7-1 % reduction (47-5 (SEeM 2-6) %) was observed in 65-80
year olds.

Maegawa et al. further examined if methylation drift is
ubiquitous in differing tissue types. By analysing twelve
genes that were associated with hypermethylation and
three associated with hypomethylation with age, it was
determined that tissue from kidney and liver generally
exhibited lower levels of age-related hypermethylation.
In contrast, tissue from the intestines (small and large)
and bone marrow showed reduced age-associated hypo-
methylation. In further investigations by Maegawa
et al., it was reported that there was a significant inverse
relationship between methylation drift and the level of
change in gene expression. It was noted that when looking
at the methylation pattern of genes that had increased
expression, a significant reduction in DNA methylation
was observed, while conversely, silenced genes had a con-
comitant increase in methylation'?.

Altered expression of the enzymes responsible for
DNA methylation and demethylation have been repeat-
edly reported to be a contributing factor to changes
observed in DNA methylation patterns with age. For
instance, Sun et al observed the expression of genes
encoding for the DNMT DNMTI, DNMT3a and
DNMT3Db, considerably declined between the ages of 4
and 24 months in C57BL/6 male mice. Interestingly,
the expression of demethylation enzymes tetl and tet3
was also reduced with age!®. In human subjects, a
reduction in TET1 and TET3 expression was observed
with age and a correlation between TET1 and
DNMTI1, DNMT3b and thymine DNA glycosylase
was determined in peripheral blood mononuclear cells
obtained from 188 volunteers, aged 34-74 years, from
eight European countries. Interestingly, while a global
reduction in 5-hydroxymethylcytosine was also detected
with age, a statistically significant increase in the methy-
lation of the CGI within the TET1 gene was found in
69-74 year olds when compared with 34-41 year
olds'®. These findings are consistent with the observa-
tion that hypermethylation within certain gene regions
is often associated with gene silencing.

In contrast to the findings of Sun et al., Lopatina et al.
showed that although DNMTI1 declined with age in
WI-38 fibroblast cells, the activity of de novo methylation
enzymes decreased in middle age, compared with young
cells, and rose slightly with senescence. This resulted in
the ratio of de novo to maintenance methylation enzymes
increasing with age. The authors postulate that the
decline in DNMT]1 could lead to the global hypomethy-
lation, and add that the rise in the ratio of de novo to
maintenance methylation enzymes with age could be
responsible for the regional hypermethylation associated
with gene silencing!'”. Similarly, Casillas et al. observed
that DNMTT expression declined significantly with age
in fetal human subjects WI-38 fibroblasts, with old aged
cells having 75-44 % of the expression exhibited by young
cells. Furthermore, the activity of this maintenance methyl-
transferase declined from 83-2 cpm/ug protein in young
cells to 52-1 cpm/pg protein in middle-aged cells, and to
28-1 cpm/pug protein in old lung WI-38 fibroblast cells.
Conversely, the activity of the de novo methyltransferases
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increased from 21-4 cpm/pg protein in young cells to 59-0
and 75-0 cpm/ug protein in middle-aged and old cells,
respectively. Interestingly, ageing appeared to have an
opposing effect on the expression of the de novo methyl-
transferases, with DNMT3a declining to 60-61 % that of
young cells in old age, while the expression of DNMT3b
in young cells was 75-21 % compared with that expressed
in old cells. Thus, a change in the ratio between mainten-
ance methyltransferases and de novo methyltransferases
could be a key factor in the aberrant DNA methylation
associated with ageing.

DNA methylation and cancer

Germline cells have specific DNA patterns to enable suit-
able gene regulation during embryonic development.
Importantly, within a small proportion of genes, one
parental allele is exclusively expressed, due to DNA methy-
lation regulated gene imprinting'®. Inappropriate methy-
lation during development can result in imprinting failures
and diseases including Beckwith—Wiedemann, Prader—
Willi, Silver—Russell and Angelmans’ syndromes”.
Epigenetic modifications are also frequently seen in dis-
eases with later onsets including cancer®”, neurodegen-
eration®” and autoimmune disease®®. With a focus on
the effect of the epigenetic modification on cancer patho-
genesis, both gene silencing, due to hypermethylation in
gene promoters””, and oncogene activation or chromo-
somal instability due to global hypomethylation®*?>
will be discussed.

In one study of promoter hypermethylation, it was
reported that in seven of nine non-small cell lung cancers,
the tumour suppressor gene pl6 was fully methylated,
while in the CGI in the samples of healthy lung, kidney
and blood lymphocytes, the CpG sites were found to
be unmethylated®”. Interestingly, Christensen et al. dis-
covered through locus-by-locus analysis, a trend between
loci methylation and cancer characteristics, including
tumour grade and size, oestrogen and progesterone status
and triple negative status in invasive breast cancer speci-
mens, from 162 women from Northern California.
Interestingly, at all seventy-four CpG loci, which were
associated with tumour size, there was a positive correl-
ation between the level of methylation and tumour size.
Moreover, increased methylation was observed in all
five CpG loci associated with lymph node infiltration,
when disease-positive lymph nodes were reported.
Array validation revealed CpG within the promoters of
P2RX?7, a gene encoding for a receptor which mediates
apoptosis, and HSD17B12, a gene coding for an enzyme
involved in oestrogen metabolism and fatty acid elong-
ation, had statistically elevated methylation levels as
tumour size increased, while methylation of CpG within
the promoter of GSTM2, which reduced mRNA expres-
sion of the detoxifying enzyme GSTM2, was correlated
with tumour grade®®.

Similarly to the aberrant DNA methylation associated
with ageing, disease-associated changes to the methylome
could be due to changes in DNMT expression. For
instance, in a study of seventy-six women with primary
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cervical cancer, DNMT1 was on average observed in
77-5 % of cancer cells, in comparison with only 16 % of
normal cells. In addition, the intensity score was calcu-
lated as 1-0 for cancerous cells compared with a reduced
figure of 0-2 for normal cells. Interestingly, individuals
with >77-5% DNMTI1-positive cells were 4-3 times
more likely to die prematurely compared with individuals
who exhibited <77-5% DNMTI-positive cells, while
those with an intensity score >0-9625 were 4-9 times
more likely to d1e earlier than those with an intensity
score <0-9625@7). Furthermore, Mizuno et al. determined
that in thirty-three patients with acute myeloid leukae-
mia, DNMT1, DNMT3a and DNMT3b exhibited an
average 5-3-, 4-4- and 11-7-fold increase in comparison
with the levels observed in control bone marrow
cells®®. Interestingly, pl5™**B, a tumour suppressor
gene commonly silenced by methylation in acute myeloid
leukaemia, was methylated in 72 % of acute myeloid leu-
kaemia patients, and in these twenty-four cases, DNMT1
was statistically higher than those without pl5™A4B
methylation. Further examination of chronic myeloid
leukaemia cells revealed that DNMT expression was
phase dependent. During the chronic phase, the expres-
sion of these three methyltransferases was comparable
with normal bone marrow cells; however, with advance-
ment to the acute phase, DNMTI1, DNMT3a and
DNMT3b expressron were raised with dn average 3-2-,
4.5- and 3-4-fold increase, respectlvely Conversely,
Gaudet et al reported that mice exhlbrtmg 10% of
DNMTI compared with wild-type mice exhibited a 30
% reduction in birth weight, and 80 % developed aggres-
sive T-cell lymphoma within 8 months®?. While examin-
ing hypomethylated tumours, it was determrned that ten
of twelve exhibited chromosomal instability (gain of
chromosome 15), in comparison with only two of twelve
Moloney murine leukaemia virus-induced tumours, thus
indicating that global hypomethylation can also play a
role in the pathogenesis of cancer through chromosomal
instability.

ENI gene and disease

The ENI1 gene encodes for the homeobox protein
engrailed-1. First characterised in Drosophila, ENI
mutation results in abnormal development including pos-
terior—anterior duplications and malformation of the
wings®”. Within human subjects, the EN1 gene has
been assocrdted with pattern formation within the central
nervous system during development®". Wilson et al.
detail that the expression of EN1 is observed within mul-
tiple neuronal cell types within the cerebellum and that
significant changes to its distribution occurs durmg gesta-
tion, with expression remaining until >21 d©?
Hypermethylation of this gene has been observed in
multiple cancer tyPes including colorectal®®, prostate®
and breast cancer For instance, Bell et al. reported
that the EN1 gene transcriptional start site exhibited
significant hypermethylation in human subjects salivary
gland adenoid cystic carcinoma when compared with
normal tissue, with a 59 % difference in methylation
across the EN1 promoter. Furthermore, the extent of
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hypermethylation was correlated with tumour grading,
location and patient outcome. Significantly, it was
observed that out of thirty-two loci, the EN1 gene dis-
played the greatest difference in methylation between
normal and diseased tissue, and little variation in hyper-
methylation across nine CGI, thus e Phas1sing its pos-
sible use as a biomarker in cancer”®. Similarly for
prostate cancer, differential methylatlon between normal
and cancerous cells was greatest in the EN1 gene®?. In
addition, the EN1 gene was most frequently methylated
in colorectal cancer when compared with the SCTR
and INHBB genes. Interestingly, EN1 was more likely
to be methylated in colorectal carcinoma compared
with colorectal adenoma, with 73 % (66/90) colorectal
carcinomas and 40 % (four of ten) adenomas showmg
hypermethylation, and result in gene silencing®®.
Similarly, Frigola et al. determined that the EN1 gene
was hypermethylated in 70 % of colorectal tumours,
and found that hypermethylation resulted in the suppres-
sion of the EN1 gene®”. Importantly, Mayor et al. out-
lined that only 1-12 % (one of eighty-nine) of EN1 genes
in normal samples exhibited hypermethylation, an
important factor when searching for a cancer biomarker.
Interestingly, EN1 methylation resulted in approximately
a 30 % reduced survival rate after 5 years compared with
patients without hypermethylation of the EN1 gene®?.

Effect of poor diet on DNA methylation and disease

There is a strong association between poor diet, obesity
and cancer®®. For instance, Zhang et al. examined the
effect of DNA methylation in rats fed a high-fat diet
for 14 weeks, and reported that within 1000 bp of tran-
scriptional start sites of known genes, seven genes exhib-
ited differentially methylated CpG. Differential CpG
methylation ranged from 5 to 22 % difference, in add-
ition to altering gene expression, in animals which gained
approximately 90 % body mass from the high-fat diet in
comparison with rats fed a standard chow diet. When
expanding to CpG within 10000 bp of transcriptional
start sites, 147 genes were differentially methylated and
expressed. One of the genes of note, Phldal, became
hypermethylated with a high -fat diet, which was asso-
ciated with reduced expression, and in turn steatos1s a
contributor to the pathophysiology of obesity®’

Furthermore, Vucetic et al. outlined that mice fed a hlgh—
fat diet (60 % fat) from weaning at 3 weeks, until 18-20
weeks, showed significant hypermethylation in the
p-opioid receptor promoter in reward-related brain
regions, and repression of the p-opioid receptor gene,
which was related to an increase in binding of the tran-
scriptional repressor CHy CpG binding protein 2. It
was suggested that repression of the p-opioid receptor
gene was responsible for a significantly reduced
preference for sucrose; thus indicating that animals on
a high-fat diet exhibit reward hypofunctioning, which
may contribute to difficulties reversing obesit (}1 after long-
term exposure to highly palatable foods“”. As men-
tioned, obesity is strongly linked to cancer(‘“). For
instance, it has been found that many of the thirty-one
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differentially methylated CpG in obese children, and 151
differentially methylated CpG in severely obese children
discussed by Fradin et al. are also associated with cancer,
thus warranting concern regarding the risk for cancer
pathogenesis in later life*?. Similar results were observed
by Xu et al, who examined differentially methylated
CpG sites in forty-eight obese African American partici-
pants aged 14-20 years compared with their non-obese
counterparts®?. It is important to note that the type of
ingested fat may differentially methylate DNA.
Garcia-Escobar et al. examined the effect of different
fats on TNF-o promoter methylation and reported
reduced methylation in animals who were fed coconut
oil (high SFA), which was inversely correlated with the
pro-inflammatory cytokine TNF-a in adipocytes™®.

Aberrant DNA methylation therapy

There is increasing evidence suggesting the influence of
lifestyle factors such as diet, physical activity, weight
and smoking status, on the methylome and age-related
disease. Due to the ability to somewhat modulate and
reverse methylation using lifestyle factors, targeting the
methylome more rigorously with chemotherapy could
provide a promising avenue to treat diseases such as
cancer.

Diet

The role of diet in modulating metabolic health through-
out lifespan has long been known. For instance, a signifi-
cant amount of insight has been gained from analysing
the impact of being born during the Dutch Hunger
Winter, which took place in the Netherlands during
World War II. It is now emerging that the changes to
DNA methylation could be a central player in directing
how the deleterious effects of the Dutch Hunger Winter
unfold. A recent genome-scale analysis of differential
DNA methylation in whole blood after periconceptional
exposure to famine during the Dutch Hunger Winter
emphasises this phenomenon®”. Following a thorough
assessment of prenatal malnutrition-associated differen-
tially methylated regions, it was found that prenatal
malnutrition-associated differentially methylated regions,
which preferentially occur at regulatory regions, are char-
acterised by intermediate levels of DNA methylation,
and map to genes enriched for differential expression dur-
ing early development. Moreover, it was revealed that dif-
ferential methylation of prenatal malnutrition-associated
differentially methylated regions was associated with path-
ways that are defined by growth and metabolism. Prenatal
malnutrition-associated differentially methylated regions
found in the insulin receptor precursor gene and the carni-
tine palmitoyltransferase 1A gene (involved in fat metabol-
ism) were found to have enhancer activity in vitro and
differential methylation was interconnected with birth
weight and serum low-density lipoprotein-cholesterol
levels. In addition to the findings from studying those
exposed to the Dutch Hunger Winter, it has also been
recognised by Barker since the mid-1990s that exposure
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to a suboptimal intra-uterine environment has deleterious
metabolic consequences for later life™®. Similar to the
Dutch Hunger Winter, recent studies have revealed that
this phenomenon is underpinned by epigenetic regulation.
For instance, it has been shown that placental leptin gene
DNA methylation levels were correlated with glucose
levels (2 h post-oral glucose tolerance test) in women with
impaired glucose tolerance and with decreased leptin
gene expression in the whole cohort“”. The methylome
is not simply a nutrient sensor during the intra-uterine per-
iod. Strikingly, in a recent study, DNA methylation
changes were correlated with body composition in
pre-school children as part of the epigenome-wide-analysis
in the European Childhood Obesity Project Study. It was
found that DNA methylation variants were identified to
be associated with BMI, fat mass, fat-free mass, fat mass
index and fat-free mass index*®. Specific aspects of diet
have also been associated with DN A methylation changes.
As discussed, the effect of poor diet on aberrant DNA
methylation and disease pathogenesis can be significant;
therefore, it is conceivable that a healthy diet could play
a role in the prevention of aberrant DNA methylation.
For instance, plant polyphenols, originating in fruit and
beverages often associated with healthy diets, have been
associated with reduced oxidative stress, inflammation
and risk of cancer®”, which could be mediated through
modulation of DNA methylation®”. In one example, poly-
phenols associated with the Mediterranean Annuraca apple,
reportedly increased p53, reduced methylation in the pro-
moters of hMLHI1, pl4ARF and pl16INK4a, restoring
normal expression of silenced tumour suppressor genes
in colorectal cancers®). In another example, it was
observed that 2 weeks of cocoa (6 g/d), a rich source of
polyphenols, led to 2:991 (sp 0-366) % 5-methylcytosine
in comparison with 3-909 (sp 0-380) % S-methylcytosine in
peripheral leucocyte DNA from control participants with
pre-hypertension, type 1 hypertension or hypercholesterol-
aemia in a randomised controlled trial. Furthermore, in
vitro treatment of subject peripheral blood mononuclear
cells revealed cocoa significantly lowered DNMT1, 3a and
3b mRNA expression in addition to methylenetetrahydro-
folate reductase and 5-methyltetrahydrofolate-homoc%/st-
eine methyltransferase reductase gene expression®>.
Similar results were observed by Nandakumar et al. who
reported that green tea polyphenols epicatechin-gallate
and epigallocatechin-3-galate significantly lowered
DNMTI, 3a and 3b activity and expression in a dose-
dependent manner, reduced global methylation and reac-
tivated the silenced tumour suppressor genes pl16™ ¥4* and
Cipl/p21 in human subjects skin cancer A431 cells®?.

Folate feeding studies

One of the most studied supplements in regards to DNA
methylation is folate. This is because, folate plays a key
role in C; metabolism through its conversion to
N-5-methyltetrahydrofolate, which in turn is converted
to S-adenosyl methionine (SAM), the global CHj;
donor in DNA methylation®. CH; group deprivation
can lead to changes in C; folate metabolism, metabolites,
which can irreversibly perturb DNA methylation and
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interestingly, induce lesions associated with the patho-
genesis of cancer. For instance, Pogribny et al. reported
that male F344 rats fed a diet deficient in CH3; groups
(low methionine and choline, and folic acid negative)
for 9 weeks exhibited a 70 % reduction in SAM when
compared with mice on a control diet, while S-adenosyl
homocysteine (SAH) was unaffected, thus a significant
decrease in the SAM:SAH ratio, an important predictor
of methylation capacity, was observed. The CHs-
deficient diet also led to a 60 % increase in unmethylated
CCGG sites obtained from liver tissue. Interestingly, the
reintroduction of a CHjs-sufficient diet resulted in nor-
malised DNA methylation in rats who were fed a
CHj;-deficient diet for 9 weeks. However, in rats fed a
CHj;-deficient diet for 18, 24 or 36 weeks, the reintroduc-
tion of a CHjs-sufficient diet could not reverse the hypo-
methylation induced. Significantly, the appearance of
glutathione-S-transferase n, a characteristic of hepatocar-
cinogenesis was observed despite the reintroduction of
the CHj3-sufficient diet, even after 9 weeks of exposure
to a CHjs-deficient diet®”. Additionally, Jung et al.
reported that folic acid for 3 years (800 pg/d) did not
influence DNA methylation in moderately hyperhomo-
cysteinaemic Dutch males and females aged 50-70
years®®.

In contrast, results from Pufulete et al suggest that
DNA hypomethylation brought about by a low dietary
intake of folate could be reversed by folate supplementa-
tion. It was reported that a supplement of folic acid for
10 weeks (400 pg/d), in patients with colorectal adenoma,
increased serum folate from 7-4 to 13-4 ug/l, and plasma
homocysteine decreased 12 %, while DNA methylation
increased by 31 and 25% in leucocytes and colonic
mucosa, respectively®”. Interestingly, Park et al. found
that folate supplementation produced distinct differences
in DNA methylation patterns dependent on body weight.
In this study, supplementation of 800 pg/d for 8 weeks in
normal weight and obese females aged 18-35 increased
serum folate by 86-2 and 109-6 %, respectively. Before
supplementation, 10-7 % of CpG sites differed between
the different weight categories; this rose to 15-2 % after
supplementation. Higher levels of methylation were
observed in 52:9 and 55-0 % of obese women before and
after treatment, respectively. After treatment, CpG sites
were more likely to have reduced levels of methylation;
679 and 75-8 % for normal weight and obese females,
respectively. Interestingly, while the supplementation-
induced methylation changes in genes associated with
neural tube closures in women of normal weight, over-
weight women exhibited changes in methylation in
genes associated with folate metabolism, methylation
and vitamin B metabolism®®.

Conversely, a 3-month 100, 400 and 4000 pg/d supple-
ment of folate resulted in an 11-5, 11-7 and 189 %
reduction in % 5 CHs-deoxycytidine, respectively, in
coagulated blood samples from Chinese women of re-
productive age, who showed an average % CHjs-
deoxycytidine level of 4-42(sp0-12) % at enrolment.
Interestingly, it was observed that genotype can influence
the DNA methylation response to dietary folate. When
analysing the effect of a 3-month 4000 pg/d folate
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supplement in the presence of the methylenetetrahydro-
folate reductase 677C—T variant, it was found that
there was an 11-6, 18-8 and 19-5% reduction in % 5
CH;-deoxycytidine for the CC, CT and TT ﬁ;enotypes,

respectively, compared with baseline results®”.

Caloric restriction

Recent evidence has suggested that caloric restriction
(CR), even in the short term, could potentially ameliorate
aberrant methylation in disease-associated genes as
observed in age-related methylation drift®”. Maegawa
et al. detailed that CR was able to counteract hypermethy-
lation associated with ageing without producing novel
methylation patterns. In both DNA from whole blood
of mice and Rhesus monkeys, a significant inverse rela-
tionship was observed between CR and the rate of methy-
lation drift. Specifically, there was an average DNA
methylation, across twenty-four genes, of 26 (sem 2) and
27 (seM 0-7) % for aged mice and Rhesus monkeys fed
ad libitum, compared with 17 (sem 0-7) and 24 (sem 0-9) %
in aged mice and Rhesus monkeys, respectively, who
underwent CR"?. Hahn er al. showed that a 40 % dietary
restriction in mice resulted in a reduced number of differ-
entially methylated regions in DNA extracted from the
liver. In aged mice fed ad libitum, age differentially methy-
lated 3176 regions, of which 1945 became hypermethy-
lated and 1231 became hypomethylated, whereas aged
mice who underwent 40 % dietary restriction exhibited
only 2250 differentially methylated regions were identified,
of which 1512 became hypermethylated and 738 became
hypomethylated®”. To further this, Wang et al. reported
that 40 % CR resulted in a predicted 9-4-month reduction
in epigenetic age within the livers of 22-month-old mice
compared with age-matched controls®®; therefore, it
appears that CR may provide a promising treatment strat-
egy for aberrant DNA methylation.

Drug therapy

Due to the association of hypermethylation of promoters
and tumour suppressor gene silencing in cancer, the use
of drugs that ameliorate this change may provide a suc-
cessful method for reducing DNA methylation in these
regions and enable the re-expression of these genes.
Hypomethylating agents 5-azacytidine (azacytidine) or
5-aza-2’-deoxycytidine (decitabine) are two such exam-
ples, which were approved for use by the European
Medicines Agency in 2008 and 2012, respectively, for
patients with myelodysplastic syndromes (MDS).
Following the cellular uptake of decitabine, it is phos-
phorylated to 5-aza-2’-deoxycytidine-triphosphate, and
becomes incorporated into DNA strands in place of cyto-
sines within CpG sites. The substitute nucleotide binds
DNMT similarly to cytosine; however, due to the substitu-
tion of Cs in the cytosine ring for nitrogen, f-elimination
is inhibited and thus covalent bonding is irreversible.
This results in enzyme inhibition and eventual degradation
of the bound enzyme, and thus a reduction in DNA
methylation. Azacytidine acts in a similar way; however,
it acts upon RNA. Interestingly, during phosphorylation,
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approximately 10-20% is converted to a 5-aza-2'-
deoxycéytldme -triphosphate precursor and thus acts upon
DNA(

While meta-analysis data suggest that both azacitadine
and decitabine are superlor to best supportive care in
patients with MDS®?, there is conflicting evidence on
the superiority of these drugs. For instance, Lee et al.
conducted a comparative analysis of azacytidine, given
for 7d in a 28 d cycle, and decitabine, given for 5 con-
secutive days in a 28 d cycle, in patients with MDS,
and response rates of 46 and 52 %, a median peak
response at 4-2 and 4-0 months, and median survival
time of 23-3 and 22-9 months were reported, respectively.
While these parameters were not statistically different
from one another, it was established that the survival
rate was significantly improved in patients >65 taking
azacitidine, and patients showed reduced vulnerability
to infection, in addition to a lower incidence of grade 3
or 4 of cytopenia®®. Xie et al. conducted a meta-analysis
of eleven trials, containing 1392 MDS patients and simi-
larly found that while there was no significant difference
between the rate of complete response in patients under-
taking decitabine or azacytidine treatment (13 v. 12 %),
azacitidine treatment resulted in a significantly higher
overall response rate compared with decitabine (73 v.
42 %). Moreover, a statistically significant improvement
in overall survival was observed for azacytidine treat-
ment when compared with best supportive care, while
no statistical difference was observed for decitabine
treatment©®.

In contrast, results from a randomised phase II trial in
patients with low—intermediate-risk MDS or chronic
myelomonocytic leukaemia indicated an overall response
rate of 70 and 49 % for patients who received intravenous
decitabine or azacytidine for 3 consecutive days, on a 28
d cycle, respectively. Furthermore, the 1-year event-free
survival rate was significantly greater in patients who
received decitabine (74 v. 55 %). In addition, haemato-
logical improvements were observed in 24 % of patients
treated with decitabine compared with 8 % of azacytidine
patients, and of the patients who were transfusion
dependent at the start of the trial, 32 and 16 % became
transfusion 1nde}73€ndent following decitabine or azacyti-
dine treatment’

However, it is important to note the use of such hypo-
methylating agents should be used with caution due to
selectivity concerns. For instance, in one study which
used azacytidine to treat the non-invasive breast cancer
cell lines MCF-7 and ZR-75-1, the drug lowered
DNMTI1 and DNMT?3b and methylation within the pro-
moters of several pro-metastatic genes, including uPA
and MMP2, leading to gene expression. Furthermore,
it was shown that the treatment increased the invasive-
ness of both cell lines®®

Detecting DNA methylation

In recent years, a systems- -orientated approach has
become common place in bioscience research® 7. The
essence of this approach is to utilise novel approaches
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to study molecules, cells or entire organisms. Nutrition
research is no dlfferent and is beginning to benefit from
this new paradigm”**?. It can be argued that electro-
chemical techniques come under this umbrella of systems
techniques. For instance, recently, there has been heigh-
tened interest in using electrochemical techniques to
detect DNA methylation as it can be a rapid, easy to
use and cost-effective solution to many of the challenges
posed by more conventional methods and enables the
quantitative analysis of complex biochemical systems®".

There are several techniques that can be employed to
analyse DNA methylation, many of which require
prior bisulphite conversion, which converts unmethylated
cytosines to uracil, while methylated cytosines remain
unchanged These techniques 1nclude bisulphite sequen-
cmg(8 ), methylation-specific PCR( , pyrosequencing®
and immuno-based recognition®. Methods which do
not require prior bisulphite conversion include hlgh-
performance 11%111(1 chromatography®®, MS®”, micro-
array analysis®, surface plasmon resonance® and
surface-enhanced Raman spectroscopy®. Many of
these methods have several drawbacks including the
need for expensive laboratory equipment and/or bio-
logical molecules coupled with long analysis times and
the requirement for highly skilled operators.

An example of an elegant electrochemical DNA-
methylation sensor is the eMethylsorb method of Koo
et al. The method consists of two steps. First, a gold elec-
trode is exposed to a solution of bisulfite-modified DNA.
This exploits the findings of Kimura-Suda et al., who
demonstrated that single-stranded homo-oligonucleotides
adsorbed onto gold with the following affinity A>C > G
>TOD. The DNA adsorption essentially blocks (or passi-
vates) the gold surface, decreasing its reactivity. The
lower the methylation level of the original DNA, the
higher the number of adenines present in the bisulfite-
treated sample. Consequently, unmethylated DNA results
in a more passivated and less reactive surface than methy-
lated DNA. In the second step of the eMethylsorb
method, the reactivity of the gold electrode surface is
measured in an electrochemical reaction. Initially, Koo
et al. developed the eMethylsorb method using disposable
gold screen-printed electrodes (consisting of a 4 mm
diameter gold working electrode, gold counter electrode
and silver reference electrode) exposed to the solutions
of synthetic oligonucleotides diluted in 5x saline sodium
citrate buffer, designed to represent bisulphite-modified
and asymmetrically amplified methylated and unmethy-
lated versions of a fifty-three-base section, containing
eight CpG sites, of the EN1 gene promoter. After the
adsorption step, the reactivity of the modified gold service
was measured by performing differential pulse voltamme-
try in an electrolyte containing 2-5 mm ferrocyanide, 2-5
mM ferricyanide and 10() mM KCl where the peak current
for the reduction of Fe** to Fe** inversely correlated with
the level of DNA adsorption on the gold electrode.

Optimisation of the adsorption step revealed that the
greatest current response difference (between methylated
and unmethylated samples) was observed when 50 nm of
synthetic oligonucleotides were adsorbed for 10 min (in
quiescent solution) at pH 7-0. The method was used to
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successfully detect 10 % methylation in heterogeneous
samples of synthetic oligonucleotides. Furthermore, the
technique was able to detect 10 % methylation in heteroge-
neous samples containing various combinations of MCF-7
and whole-genome amplified DNA. Interestingly, the sen-
sitivity of the method was signiﬁcantly greater for these
140-base DNA samples in comg)arlson to the fifty-three-
base synthetic oligonucleotides”

In a related study, the same research group used a 2
mm gold disk working electrode (Pt counter electrode
and Ag/AgCl reference electrode) to detect methylation
levels in the same synthetic oligonucleotides (in 5X saline
sodium citrate buffer). The electrochemical reactivity of
the modified gold surface was measured via differential
pulse voltammetry in a solution of 2-5 mm ferrocyanide,
2-5 mm ferricyanide and 10 mm PBS. Using the two-step
eMethylsorb procedure, the greatest relative current dif-
ference was observed between methylated and unmethy-
lated DNA, when 200 nm DNA was adsorbed for 10
min (in quiescent solution) at pH 7-0. Again a negative
linear relationship between % methylation in heteroge-
neous samples of synthetic methylated and unmethylated
ohgonucleotldes and the relative current response was
observed (R* 0-99398). Sina er al. also investigated the
effect of the number of methylated CpG sites within the
fifty-three-base synthetic oligonucleotide (0, 1, 4 and 8).
A negative linear relationship was observed between the
number of methylated CpG sites and relatlve differential
pulse voltammetry current response (R® 0-971411).
Finally, it was determined that only 20 pl of secondary
PCR product (from real DNA samples) in 200 ul buffer
was required to produce a considerable difference in rela-
tive current. Once again, the sensitivity of the method
greatly 1mproved on moving from synthetic to real
DNA samples®

Our project set out to improve the repeatability and
sensitivity of the eMethylsorb method via a new
approach to the adsorption step and the electrochemical
technique (Fig. 2). The new procedure was optimised
using thirty-base synthetic oligonucleotides, containing
six CpG sites, designed to represent bisulphite-modified
and asymmetrically amplified methylated and unmethy-
lated versions of a region downstream of the transcrip-
tion site of the EN1 gene promoter®®

It was also imperative to test if % methylation could be
determined using these optimised electrochemical proce-
dures in a heterogeneous sample. This was to reflect
biopsy samples gained in a clinical setting, as tumours
are often found to contain cells exhibiting diverse pheno-
typic features; including methylation status. This phe-
nomenon, termed intra-tumour heterogeneity, has been
observed in multl?le cancers including breast(94)
lung®, endometrial®® and prostate cancer®”. To test
the applicability of the procedure in detecting methylatlon
in DNA derived from human subjects, the procedure was
repeated using bisulphite-modified and asymmetrically
amplified 140-base single-stranded DNA from the ENI1
region of DNA extracted from the breast cancer cell
line MCF-7 (methylated) and whole-genome amplified
DNA (unmethylated). Our method successfully detected
high methylation levels in the breast cancer cells“?).
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Fig. 2. (Colour online) Overview of bisulphite treatment,
asymmetric PCR and electrochemical measurement.

Conclusion

This review has highlighted a wide variety of dietary
components that can influence DNA methylation status
during life. Based on our survey of the literature, it can
be argued that many instances of aberrant DNA methy-
lation are the direct result of diet. Nowhere is this more
apparent than cancer, because the methylation changes
that are a hallmark of many cancers are influenced by
dietary factors such as folate consumption, energy intake
and polyphenol content. This review has reinforced the
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idea that identifying DNA methylation changes early
could be an effective means of predicting cancer risk.
An important take-home message from the present
review is that the early detection of cancer could be
achieved by monitoring methylation levels within bio-
marker genes such as the EN1 gene. Finally, this review
has revealed that the goal of early cancer detection could
be achieved by using novel electrochemical techniques to
quantify DNA methylation levels. There is little doubt
that techniques such as this will prove to be an invaluable
tool in the detection of cancer in the future.

Acknowledgement

A. E. M. was funded by a University of Chester PhD
scholarship.

Financial support

This study was partially funded by the Higher Education
Funding Council for England Innovation Fund.

Conflicts of interest

None.

Authorship

M. T. M. A. and T. J. D. conceived the
project. A. E. M. and M. T. M. A. drafted the
manuscript.

References

1. Lim DHK & Maher ER (2010) DNA methylation: a form
of epigenetic control of gene expression. Obstetrician
Gynaecologist 12, 37-42.

2. Stevens M, Cheng JB, Li D et al. (2013) Estimating abso-
lute methylation levels at single-CpG resolution from
methylation enrichment and restriction enzyme sequencing
methods. Genome Res 23, 1541-1553.

3. Antequera F & Bird A (1993) Number of CpG islands and
genes in human and mouse. Proc Natl Acad Sci USA 90,
11995-9.

4. Larsen F, Gundersen G, Lopez R et al. (1992) CpG islands
as gene markers in the human genome. Genomics 13, 1095-
1107.

5. Saxonov S, Berg P & Brutlag DL (2006) A genome-wide
analysis of CpG dinucleotides in the human genome distin-
guishes two distinct classes of promoters. Proc Natl Acad
Sci USA 103, 1412-1417.

6. Yang X, Han H, De Carvalho DD et al. (2014) Gene body
methylation can alter gene expression and is a therapeutic
target in cancer. Cancer Cell 26, 577-590.

7. Mendizabal 1 & Yi SV (2016) Whole-genome bisulfite
sequencing maps from multiple human tissues reveal
novel CpG islands associated with tissue-specific regula-
tion. Hum Mol Genet 25, 69-82.

https://doi.drg/10.1017/50029665118000150 Published online by Cambridge University Press

8. Goyal R, Reinhardt R & Jeltsch A (2006) Accuracy of
DNA methylation pattern preservation by the Dnmtl
methyltransferase. Nucleic Acids Res 34, 1182—1188.

9. Okano M, Bell DW, Haber DA et al. (1999) DNA methyl-
transferases Dnmt3a and Dnmt3b are essential for de
novo methylation and mammalian development. Cell 99,
247-257.

10. Chédin F, Lieber MR & Hsieh C-L (2002) The DNA
methyltransferase-like protein DNMT3L stimulates de
novo methylation by Dnmt3a. Proc Natl Acad Sci USA
99, 16916-16921.

11. Rasmussen KD & Helin K (2016) Role of TET enzymes in
DNA methylation, development, and cancer. Genes Dev
30, 733-750.

12. Maegawa S, Lu Y, Tahara T et al. (2017) Caloric restriction
delays age-related methylation drift. Nat Commun 8, 539.

13. Wilson VL, Smith RA, Ma S et al. (1987) Genomic
S5-methyldeoxycytidine decreases with age. J Biol Chem
262, 9948-9951.

14. Drinkwater RD, Blake TJ, Morley AA et al. (1989)
Human lymphocytes aged in vivo have reduced levels of
methylation in transcriptionally active and inactive DNA.
Mutat Res DNAging 219, 29-37.

15. Sun D, Luo M, Jeong M et al. (2014) Epigenomic profiling
of young and aged HSCs reveals concerted changes during
aging that reinforce self-renewal. Cell Stem Cell 14, 673—-688.

16. Valentini E, Zampieri M, Malavolta M et al. (2016)
Analysis of the machinery and intermediates of the
ShmC-mediated DNA demethylation pathway in aging
on samples from the MARK-AGE study. Aging (Albany
NY) 8, 1896-1915.

17. Lopatina N, Haskell JF, Andrews LG et al. (2002)
Differential maintenance and de novo methylating activity
by three DNA methyltransferases in aging and immorta-
lized fibroblasts. J Cell Biochem 84, 324-334.

18. Barlow DP & Bartolomei MS (2014) Genomic imprinting
in mammals. Cold Spring Harb Perspect Biol 6, a018382.

19. Bartolomei MS & Ferguson-Smith AC (2011) Mammalian
genomic imprinting. Cold Spring Harb Perspect Biol 3,
a002592.

20. Kulis M & Esteller M (2010) DNA methylation and can-
cer. Adv Genet 70, 27-56.

21. Sanchez-Mut JV, Heyn H, Vidal E et al. (2016) Human
DNA methylomes of neurodegenerative diseases show
common epigenomic patterns. Trans! Psychiatry 6, e718.

22. Richardson B (2003) DNA methylation and autoimmune
disease. Clin Immunol 109, 72-79.

23. Merlo A, Herman JG, Mao L et al. (1995) 5 CpG island
methylation is associated with transcriptional silencing of
the tumour suppressor pl6/CDKN2/MTSI in human can-
cers. Nat Med 1, 686-692.

24. Gaudet F, Hodgson JG, Eden A et al. (2003) Induction of
tumors in mice by genomic hypomethylation. Science 300,
489-492.

25. Rosty C, Ueki T, Argani P et al. (2002) Overexpression of
S100A4 in pancreatic ductal adenocarcinomas is associated
with poor differentiation and DNA hypomethylation. Am
J Pathol 160, 45-50.

26. Christensen BC, Kelsey KT, Zheng S et al. (2010) Breast
Cancer DNA methylation profiles Are associated with
tumor size and alcohol and folate intake. PLoS Genet 6,
€1001043.

27. Piyathilake CJ, Badiga S, Borak SG et al. (2017) A higher
degree of expression of DNA methyl transferase 1 in cer-
vical cancer is associated with poor survival outcome. Int
J Womens Health 9, 413-420.


https://doi.org/10.1017/S0029665118000150

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

The Role of DNA Methylation in Ageing and Cancer 421

Mizuno S, Chijiwa T, Okamura T et al. (2001) Expression
of DNA methyltransferases DNMT1, 3A, and 3B in nor-
mal hematopoiesis and in acute and chronic myelogenous
leukemia. Blood 97, 1172-1179.

Mizuno S-1, Chijiwa T, Okamura T et al. (2001) Expression
of DNA methyltransferases DNMT1,3A, and 3B in nor-
mal hematopoiesis and in acute and chronic myelogenous
leukemia. Blood 97, 1172-1179.

Garcia-Bellido A & Santamaria P (1972) Developmental
analysis of the wing disc in the mutant engrailed of
DROSOPHILA MELANOGASTER. Genetics 72, 87-104.
Zec N, Rowitch DH, Bitgood M1 et al. (1997) Expression
of the homeobox-containing genes EN1 and EN2 in human
fetal midgestational medulla and cerebellum. J Neuropathol
Exp Neurol 56, 236-242.

Wilson SL, Kalinovsky A, Orvis GD et al. (2011) Spatially
restricted and developmentally dynamic expression of
engrailed genes in multiple cerebellar cell types.
Cerebellum (London, England) 10, 356-372.

Mayor R, Casadomé L, Azuara D et al. (2009) Long-range
epigenetic silencing at 2q14-2 affects most human colorectal
cancers and may have application as a non-invasive bio-
marker of disease. Br J Cancer 100, 1534-1539.

Devaney J, Stirzaker C, Qu W et al. (2011) Epigenetic
deregulation across chromosome 2q14-2 differentiates nor-
mal from prostate cancer and provides a regional panel of
novel DNA methylation cancer biomarkers. Cancer
Epidemiol Biomarkers Prev 20, 148-159.

Carrascosa LG, Sina AAI, Palanisamy R et al. (2014)
Molecular inversion probe-based SPR biosensing for
specific, label-free and real-time detection of regional
DNA methylation. Chem Commun 50, 3585-3588.

Bell A, Bell D, Weber RS et al. (2011) CpG island methy-
lation profiling in human salivary gland adenoid cystic car-
cinoma. Cancer 117, 2898-2909.

Frigola J, Song J, Stirzaker C et al. (2006) Epigenetic
remodeling in colorectal cancer results in coordinate gene
suppression across an entire chromosome band. Nature
Genetics 38, 540.

Dobbins M, Decorby K & Choi BCK (2013) The associ-
ation between obesity and cancer risk: a meta-analysis of
observational studies from 1985 to 2011. ISRN Prev Med
2013, 16.

Zhang P, Chu T, Dedousis N ez al. (2017) DNA methyla-
tion alters transcriptional rates of differentially expressed
genes and contributes to pathophysiology in mice fed a
high fat diet. Mol Metab 6, 327-339.

Vucetic Z, Kimmel J & Reyes TM (2011) Chronic high-fat
diet drives postnatal epigenetic regulation of p-opioid
receptor in the brain. Neuropsychopharmacology 36,
1199-1206.

Han X, Stevens J, Truesdale KP et al. (2014) Body mass
index at early adulthood, subsequent weight change, and
cancer incidence and mortality. Int J Cancer 135, 2900-2909.
Fradin D, Boélle P-Y, Belot M-P er al. (2017)
Genome-wide methylation analysis identifies specific epi-
genetic marks in severely obese children. Sci Rep 7, 46311.
Xu X, Su S, Barnes VA et al. (2013) A genome-wide methy-
lation study on obesity: differential variability and differen-
tial methylation. Epigenetics 8, 522-533.

Garcia-Escobar E, Monastero R, Garcia-Serrano S et al.
(2017) Dietary fatty acids modulate adipocyte TNFa pro-
duction via regulation of its DNA promoter methylation
levels. J Nutr Biochem 47, Suppl. C, 106-112.

Tobi EW, Goeman JJ, Monajemi R er al. (2014) DNA
methylation signatures link prenatal famine exposure to
growth and metabolism. Nat Commun 5, 5592.

https://d®i.org/10.1017/50029665118000150 Published online by Cambridge University Press

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Barker DJ (1995) Intrauterine programming of adult dis-
ease. Mol Med Today 1, 418-423.

Bouchard L, Thibault S, Guay SP et al. (2010) Leptin gene
epigenetic adaptation to impaired glucose metabolism dur-
ing pregnancy. Diab Care 33, 2436-2441.

Rzehak P, Covic M, Saffery R et al. (2017) DNA-
methylation and body composition in preschool children:
epigenome-wide-analysis in the European childhood obes-
ity project (CHOP)-study. Sci Rep 7, 14349.

Zhang H & Tsao R (2016) Dietary polyphenols, oxidative
stress and antioxidant and anti-inflammatory effects. Curr
Opin Food Sci 8, Suppl. C, 33-42.

Mileo AM & Miccadei S (2016) Polyphenols as modulator
of oxidative stress in cancer disease: new therapeutic strat-
egies. Oxid Med Cell Longev 2016, 17.

Fini L, Selgrad M, Fogliano V et al. (2007) Annurca apple
polyphenols have potent demethylating activity and can
reactivate silenced tumor suppressor genes in colorectal
cancer cells. J Nutr 137, 2622-2628.

Crescenti A, Sola R, Valls RM ef al. (2013) Cocoa con-
sumption alters the global DNA methylation of peripheral
leukocytes in humans with cardiovascular disease risk fac-
tors: a randomized controlled trial. PLoS ONE 8, ¢65744.
Nandakumar V, Vaid M & Katiyar SK (2011)
(-)-Epigallocatechin-3-gallate reactivates silenced tumor
suppressor genes, Cipl/p21 and pl16INK4a, by reducing
DNA methylation and increasing histones acetylation in
human skin cancer cells. Carcinogenesis 32, 537-544.
Crider KS, Yang TP, Berry RJ ef al. (2012) Folate and
DNA methylation: a review of molecular mechanisms
and the evidence for folate’s role. Adv Nutr Int Rev J 3,
21-38.

Pogribny IP, Ross SA, Wise C et al. (2006) Irreversible glo-
bal DNA hypomethylation as a key step in hepatocarcino-
genesis induced by dietary methyl deficiency. Mutat Res
Fundam Mol Mech Mutagen 593, 80-87.

Jung AY, Smulders Y, Verhoef P ez al. (2011) No effect of
folic acid supplementation on global DNA methylation in
men and women with moderately elevated homocysteine.
PLoS ONE 6, ¢24976.

Pufulete M, Al-Ghnaniem R, Khushal A et al. (2005)
Effect of folic acid supplementation on genomic DNA
methylation in patients with colorectal adenoma. Gut 54,
648-653.

Park HJ, Bailey LB, Shade DC et al. (2017) Distinctions in
gene-specific changes in DNA methylation in response to
folic acid supplementation between women with normal
weight and obesity. Obes Res Clin Pract 11, 665-676.
Crider KS, Quinlivan EP, Berry RJ et al. (2011) Genomic
DNA methylation changes in response to folic acid supple-
mentation in a population-based intervention study among
women of reproductive age. PLoS ONE 6, e28144.

Kim CH, Lee EK, Choi Y] et al. (2016) Short-term calorie
restriction ameliorates genomewide, age-related alterations
in DNA methylation. Aging Cell 15, 1074-1081.

Hahn O, Gronke S, Stubbs TM et al. (2017) Dietary
restriction protects from age-associated DNA methylation
and induces epigenetic reprogramming of lipid metabolism.
Genome Biol 18, 56.

Wang T, Tsui B, Kreisberg JF et al. (2017) Epigenetic aging
signatures in mice livers are slowed by dwarfism, calorie
restriction and rapamycin treatment. Genome Biol 18, 57.
Stresemann C & Lyko F (2008) Modes of action of the
DNA methyltransferase inhibitors azacytidine and decita-
bine. Int J Cancer 123, 8-13.

Almasri J, Alkhateeb HB, Damlaj M et al. (2015)
Comparative analysis of azacitidine and decitabine in


https://doi.org/10.1017/S0029665118000150

422

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

A. E. Morgan et al.

myelodysplastic syndromes: a systematic review and net-
work meta-analysis. Blood 126, 1692.

Lee YG, Kim I, Yoon SS et al. (2013) Comparative analysis
between azacitidine and decitabine for the treatment of mye-
lodysplastic syndromes. Br J Haematol 161, 339-347.

Xie M, Jiang Q & Xie Y (2015) Comparison between dec-
itabine and azacitidine for the treatment of myelodysplastic
syndrome: a meta-analysis with 1392 participants. Clin
Lymphoma Myeloma Leuk 15, 22-28.

Jabbour E, Short NJ, Montalban-Bravo G et al. (2017)
Randomized phase 2 study of low-dose decitabine v. low-
dose azacitidine in lower-risk MDS and MDS/MPN.
Blood 130, 1514-1522.

Chik F & Szyf M (2011) Effects of specific DNMT gene
depletion on cancer cell transformation and breast cancer
cell invasion; toward selective DNMT inhibitors.
Carcinogenesis 32, 224-232.

Mc Auley MT & Mooney KM (2015) Computational sys-
tems biology for aging research. Interdiscip Top Gerontol
40, 35-48.

Mc Auley MT, Wilkinson DJ, Jones JIL et al. (2012)
A whole-body mathematical model of cholesterol metabolism
and its age-associated dysregulation. BMC Syst Biol 6, 130.
Mc Auley MT, Choi H, Mooney K et al. (2015) Systems
biology and synthetic biology: a new epoch for toxicology
research. Adv Toxicol 2015, 14.

Mooney KM, Morgan AE & Mc Auley MT (2016) Aging
and computational systems biology. Wiley Interdiscip Rev:
Syst Biol Med 8, 123-139.

Mc Auley MT, Guimera AM, Hodgson D et al. (2017)
Modelling the molecular mechanisms of aging. Biosci
Rep 37, BSR20160177.

Mc Auley MT, Proctor CJ, Corfe BM et al. (2013)
Nutrition research and the impact of computational sys-
tems biology. J Comput Sci Syst Biol 6, 271-285.

Morgan AE, Mooney KM, Wilkinson SJ et al. (2016)
Mathematically modelling the dynamics of cholesterol
metabolism and ageing. Biosystems 145, 19-32.

Mc Auley MT, Mooney KM & Salcedo-Sora JE (2016)
Computational modelling folate metabolism and DNA
methylation: implications for understanding health and
ageing. Brief Bioinform 19, 303-317.

Kilner J, Corfe BM, McAuley MT et al. (2016) A deter-
ministic oscillatory model of microtubule growth and
shrinkage for differential actions of short chain fatty
acids. Mol BioSyst 12, 93-101.

Salcedo-Sora JE & Mc Auley MT (2016) A mathematical
model of microbial folate biosynthesis and utilisation:
implications for antifolate development. Mol BioSyst 12,
923-933.

Mc Auley MT & Mooney KM (2015) Computationally
modeling lipid metabolism and aging: a mini-review.
Comput Struct Biotechnol J 13, 38-46.

Morgan AE, Mooney KM, Wilkinson SJ et al. (2016)
Cholesterol metabolism: a review of how ageing disrupts
the biological mechanisms responsible for its regulation.
Ageing Res Rev 27, 108-124.

https://doi.drg/10.1017/50029665118000150 Published online by Cambridge University Press

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Hossain T, Mahmudunnabi G, Masud MK et al. (2017)
Electrochemical biosensing strategies for DNA methyla-
tion analysis. Biosens Bioelectron 94, 63-73.

Li Y & Tollefsbol TO (2011) DNA methylation detection:
bisulfite genomic sequencing analysis. Methods Mol Biol
(Clifton, NJ) 791, 11-21.

Herman JG, Graff JR, Myohanen S et al. (1996)
Methylation-specific PCR: a novel PCR assay for methyla-
tion status of CpG islands. Proc Natl Acad Sci USA 93,
9821-9826.

Tost J & Gut IG (2007) DNA methylation analysis by pyr-
osequencing. Nat Protoc 2, 2265-2275.

Rauch T & Pfeifer GP (2005) Methylated-CpG island
recovery assay: a new technique for the rapid detection
of methylated-CpG islands in cancer. Lab Invest 85,
1172-1180.

Armstrong KM, Bermingham EN, Bassett SA et al. (2011)
Global DNA methylation measurement by HPLC using
low amounts of DNA. Biotechnol J 6, 113-117.

Lin XC, Zhang T, Liu L et al. (2016) Mass spectrometry
based ultrasensitive DNA methylation profiling using tar-
get fragmentation assay. Anal Chem 88, 1083-1087.
Schumacher A, Kapranov P, Kaminsky Z et al. (2006)
Microarray-based DNA methylation profiling: technology
and applications. Nucleic Acids Res 34, 528-542.

Sina AAI, Howell S, Carrascosa LG et al. (2014)
eMethylsorb: electrochemical quantification of DNA
methylation at CpG resolution using DNA-gold affinity
interactions. Chem Commun 50, 13153-6.

Hu J & Zhang CY (2012) Single base extension reaction-
based surface enhanced Raman spectroscopy for DNA
methylation assay. Biosens Bioelectron 31, 451-457.
Kimura-Suda H, Petrovykh DY, Tarlov MJ et al. (2003)
Base-dependent competitive adsorption of single-stranded
DNA on gold. J Am Chem Soc 125, 9014-9015.

Koo KM, Sina AA, Carrascosa LG et al. (2014)
eMethylsorb: rapid quantification of DNA methylation in
cancer cells on screen-printed gold electrodes. Analyst
139, 6178-6184.

Thompson G, Davies T, Mc Auley M et al. (2016)
Electrochemical detection of DNA methylation and appli-
cation to breast cancer screening. Oral Present Abstr
FElectrochem Sens https://www2.le.ac.uk/conference/previous/
electrochem2016/programme/electrochemical-sensing-abstracts.
Moelans CB, de Groot JS, Pan X et al. (2014) Clonal intra-
tumor heterogeneity of promoter hypermethylation in
breast cancer by MS-MLPA. Mod Pathol 27, 869-874.
Quek K, Li J, Estecio M et al. (2017) DNA methylation
intratumor heterogeneity in localized lung adenocarcin-
omas. Oncotarget 8, 21994-22002.

Varley KE, Mutch DG, Edmonston TB et al. (2009)
Intra-tumor heterogeneity of MLH1 promoter methylation
revealed by deep single molecule bisulfite sequencing.
Nucleic Acids Res 37, 4603-4612.

Litovkin K, Van Eynde A, Joniau S er al. (2015) DNA
methylation-guided prediction of clinical failure in high-
risk prostate cancer. PLoS ONE 10, e0130651.


https://www2.le.ac.uk/conference/previous/electrochem2016/programme/electrochemical-sensing-abstracts
https://www2.le.ac.uk/conference/previous/electrochem2016/programme/electrochemical-sensing-abstracts
https://doi.org/10.1017/S0029665118000150

