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Abstract

Objective DNA methylation influences gene expression and function in the pathophysiology of type 2 diabetes mel-
litus (T2DM). Mapping of T2DM-associated DNA methylation could aid early detection and/or therapeutic treatment
options for diabetics.

Design A systematic literature search for associations between T2DM and DNA methylation was performed. Prospero
registration ID: CRD42020140436.

Methods PubMed and ScienceDirect databases were searched (till October 19, 2023). Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA) guidelines and New Castle Ottawa scale were used for reporting
the selection and quality of the studies, respectively.

Result Thirty-two articles were selected. Four of 130 differentially methylated genes in blood, adipose, liver or pan-
creatic islets (TXNIP, ABCG1, PPARGCIA, PTPRN2) were reported in > 1 study. TXNIP was hypomethylated in diabetic
blood across ethnicities. Gene enrichment analysis of the differentially methylated genes highlighted relevant disease
pathways (T2DM, type 1 diabetes and adipocytokine signaling). Three prospective studies reported association

of methylation in IGFBP2, MSI2, FTO, TXNIP, SREBF1, PHOSPHOT, SOCS3 and ABCGT in blood at baseline with incident
T2DM/hyperglycemia. Sex-specific differential methylation was reported only for HOOK?2 in visceral adipose tissue
(female diabetics: hypermethylated, male diabetics: hypomethylated). Gene expression was inversely associated

with methylation status in 8 studies, in genes including ABCGT (blood), ST00A4 (adipose tissue), PER2 (pancreatic
islets), PDGFA (liver) and PPARGCIA (skeletal muscle).

Conclusion This review summarizes available evidence for using DNA methylation patterns to unravel T2DM patho-
physiology. Further validation studies in diverse populations will set the stage for utilizing this knowledge for identify-
ing early diagnostic markers and novel druggable pathways.
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Introduction

Type 2 diabetes mellitus (T2DM) is a disorder of
genetic and environmental factors. It is projected to
affect 693 million people worldwide by 2045 [1]. DNA
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predominantly in cytosine-phosphate-guanine (CpQ)
sites [3—5]. This epigenetic alteration influences gene
expression, and thereby, gene function [6, 7].

DNA methylation has been studied extensively in
relation to T2DM, and 3 systematic reviews have sum-
marized the findings a few years back [8—10]. From
systematic literature done till August 2015, Muka et al.
[10] could not find any consistent association between
global DNA methylation with T2DM, glucose, insulin
and insulin resistance and reported epigenetic regula-
tion of few candidate genes in blood cells, muscle, adi-
pose tissue and placenta without any overlap between
them. Walaszczyk et al. [9] could replicate association
of methylation with T2DM in blood samples from the
Lifelines study at 5 CpGs (in ABCGI, LOXL2, TXNIP,
SLCIAS and SREBFI) out of the 52 CpGs they iden-
tified as reported to be differentially methylated in
T2DM through a systematic review of the literature
done till April 2017. Willmer et al. [8] also focused
on differential methylation signatures in blood sam-
ples and reported TCF7L2, KCNQI, ABCGI1, TXNIP,
PHOSPHOI1, SREBFI, SLC30A8 and FTO genes to be
reproducibly associated with T2DM across multiple
population groups in the literature reviewed between
January 2002 and July 2018.

DNA methylation has been touted as a strong candi-
date biological process for identification of diagnostic
and therapeutics for T2DM [11]. While the available
systematic reviews have looked at DNA methylation
associated with T2DM [8-10], they have not evaluated
T2DM-associated DNA methylation comprehensively
in all available human tissue and cell types. We set out
to fill this research gap with the no time period cut-
off until October 19, 2023, and including all available
human tissue and cell types. We also report associated
gene expression data, role of sex and ethnicity, in rela-
tion to DNA methylation in our review.

Methods

Searches

PubMed and Science Direct databases were indepen-
dently searched by authors (NN, PN and JKV) using
the key terms “type 2 diabetes mellitus” and “DNA
methylation,” and their associated terms for all stud-
ies published up to October 19, 2023. All articles from
the time of publication listing were considered, and as
such no start date was set. No filters were applied dur-
ing the search using the keywords, so as to not exclude
any mislabeled/mis-annotated article type. The
detailed search strategy is given in Additional file 1:
Table S1.
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Study inclusion and exclusion criteria

The inclusion criteria were full-text English language
articles on DNA methylation associated with T2DM in
human subjects. Case—control and prospective studies
investigating genome-wide methylation were included.
Reviews, animal model studies, in vitro studies, irrel-
evant articles and articles published in other languages
were excluded.

All participants, regardless of gender and ethnic-
ity, classified as adults aged 18 years and above were
included. All individuals who did not satisfy these cri-
teria—children and adolescents under 18 years of age;
as well as subjects with type 1 diabetes (T1DM) or ges-
tational diabetes were excluded. As the association of
DNA methylation with T2DM was the focus of this sys-
tematic review, intervention studies and clinical trials
were excluded. Studies reporting association of DNA
methylation with diabetes-related traits (hyperglycemia
and insulin resistance) were retained.

All the articles were assessed for their eligibility based
on their abstract or full text.

Procedure

Disagreements between the authors, such as catego-
rization and selection of articles, and data extraction,
were resolved through discussion with AM. The Pre-
ferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) checklist was followed to
represent the method used [12]. A total of 32 full-text
articles are included in this systematic review.

The assessment of quality of the studies was done
by adapting the New Castle Ottawa scale (NOS) [13].
The parameters used for the assessment are adequacy
of case definition, representativeness of cases, selec-
tion of controls, definition of controls, comparability
of cases and controls, ascertainment of exposure and
method used for ascertainment of cases and controls.
Scores were given to each of the included studies, and
the total score was calculated according to the score
sheet (NOS).

This review protocol was registered with the Inter-
national Prospective Register of Systematic Reviews
(PROSPEROQO) database (https://www.crd.york.ac.uk/
prospero/) [14] (accessed April 18, 2023) (registration
ID: CRD42020140436).

Pathologically connected pathways with differentially
methylated genes in T2DM were analyzed using Kyoto
Encyclopedia of Genes and Genomes (KEGG) and
Jensen Disease database via Enrichr-KG [15].
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and other articles not within our scope of review were
removed. Thirty-two full-text articles were finally
selected (Fig. 1).

Results

We identified a total of 5819 articles during the ini-
tial search. Duplicates, irrelevant articles based on
the study design, publication language, article type,
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Fig. 1 Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) [12] flowchart for the literature search process, performed
up to October 19, 2023
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NOS was used to access the quality of the articles. Of
the 32 studies, 16 were assigned a score of more than 5,
indicating high quality (Additional file 2: Table S2). As all
the studies have used the same method of ascertainment
for cases and controls, and the authors are not blinded to
case—control status, these redundant scores are not pre-
sented. As the nonresponse rate was not available for any
of the studies, this also has been omitted from the quality
assessment table.

Case—control studies that reported differential DNA
methylation between T2DM (case) and normoglyce-
mic (control) subjects or reported associations between
DNA methylation and clinical parameters related to gly-
cemic control of the subjects (HbAlc, fasting blood glu-
cose) and prospective nested case—control studies that
reported differential DNA methylation measured at base-
line/recruitment between subjects who developed T2DM
(incident cases) and those that remained normoglyce-
mic (control) during the follow-up period were finally
included.

Participant details such as number of cases and con-
trols and location of the study are also included. Details
of the study participants who do not explicitly belong to
either case or control group are also presented. The tis-
sue source of the gene/loci identified in; method used
for determining methylation status; and the validation
method used for confirming the methylation status are
tabulated in Table 1.

The loci/genes reported to be differentially methylated
are tabulated in Table 2, where their methylation status
is represented as downward arrow (hypomethylation) or
upward arrow (hypermethylation). Wherever reported,
the statistical significance of methylation (P value) is also
mentioned. For studies reporting more than 10 differen-
tially methylated genes, the top 5 hypo- and hypermeth-
ylated genes are listed.

Methods of DNA methylation analysis

Majority of the evaluated studies had employed array-
based techniques to assess DNA methylation levels.
Eighteen of 32 studies used Illumina 450 k array. Other
array-based studies used Illumina 27 k array (2 studies),
[lumina EPIC BeadChip array (4 studies; of which 2 stud-
ies specifically mentioned using the 850 k array—EPIC v1
array targeting 850 k probes), Affymetrix SNP6 microar-
ray (1 study), Affymetrix GeneChip promoter 1.0R array
(1 study) or Affymetrix axiom genome-wide Taiwan
BioBank (T'WB) array (1 studies). Rest of the studies used
techniques such as methylated DNA immunoprecipita-
tion (MEDIP) (2 studies), MEDIP-chromatin immune
precipitation (1 study), reduced representation bisulfite
sequencing (1 study) or next-generation sequencing (1
study) to measure DNA methylation levels.

Page 4 of 25

Tissues used in DNA methylation analyses

Of the 32 articles retrieved, 17 (53%) studies used blood
samples, 4 (13%) studies used pancreatic islet samples, 5
(16%) studies used adipose tissue samples, 2 (6%) stud-
ies used liver samples, 1 (3%) study used spermatozoa
samples and 3 (9%) used skeletal muscle samples for
their DNA methylation analyses. None of the 32 stud-
ies reviewed here utilized more than one tissue from the
same subjects for DNA methylation analyses.

Genome-wide methylation analysis for T2DM

Of the 32 genome-wide methylation studies reviewed
here, we identified a total of 130 loci that were differ-
entially methylated between T2DM cases and controls
across. In an instance where a study reports < 10 differen-
tially methylated genes/loci, they are presented individu-
ally. However, in the case of a study which reports>10
genes/loci, only the top 5 hypo- and 5 hypermethylated
genes are highlighted for brevity and reported in Table 2.
The direction of methylation (hyper- or hypomethylated
in T2DM, compared to controls) and the reported P val-
ues (both unadjusted, and after multiple testing correc-
tion) have been included.

We identified genes such as ABCGI1, PPARGCIA,
PTPRN2 and TXNIP with well-known T2DM genetic risk
variants, which were consistently reported to be differen-
tially methylated in more than one study (Fig. 2). Tissues
used in identification of these gene were blood cells, liver,
pancreatic islets and adipose tissue. TXNIP (cg19693031)
was the most common gene identified consistently as
hypomethylated in diabetic blood (9 studies). TXNIP also
harbors established T2DM genetic risk variants [16, 17].

Blood

Although blood is not an insulin-responsive tissue, it is
the prime minimally invasive tissue available for inves-
tigating T2DM-associated epigenetic markers. With the
bulk (50%) of the studies coming from Europe, ABCGI
[18, 19] and TXNIP [16, 17, 19-25] were some of the
blood-based epigenetic markers which were reported to
be associated with T2DM in more than one study. We
were unable to find any study where differential methyla-
tion was investigated simultaneously in blood and other
tissues from the same subjects.

Pancreatic islets

Insufficient secretion of insulin from pancreatic beta
cells and increased secretion of glucagon from pancreatic
alpha cells leads to development of T2DM and is known
to be regulated by DNA methylation [26]. Three of the 32
studies, from Italy, South Korea and Sweden, included
in this review have interrogated DNA methylation in
pancreatic islets from T2DM individuals, donated after
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Table 1 Characteristics of studies included in this systematic review
Population Study design Location Method used for Method used for References
DNA methylation validation
Control (M/F) Type 2 Diabetes ~ Other (M/F) measurement
Mellitus (M/F)
Blood
7 pairs of healthy 17 pairs of T2DM - Case—control, UK MEDIP 450 k [53]
concordant twins  discordant twins; Twins study
3 pairs of T2DM
concordant twins
1119 329 - Case—control Germany 450 k - [18]
116/88 90/61 - Case—control Spain 450 k EpiTYPER [1e]
215 101 - Case—control, China 450k 450 k N7
Twins Twins Twins study
(discovery group)  (discovery group)
250 66
Twins Twins
(replication group)  (replication group)
457 256 - Case—control Ghana 450 k - [20]
5/6 5/6 - Case-control UK 450 k - [101]
197/262 349/361 - Prospective Israel Affymetrix SNP6 Pyrosequencing (58]
Microarray
55/65 63/89 - Case—control China MEDIP-Chip - [102]
98 94 - Case—control China Affymetrix Gene- - [103]
Chip Promoter 1.0R
array
290 290 - Prospective Germany EPIC BeadChip - [70]
(850 k)
564 174 112 (Impaired glu-  Case—control USA 450 k Pyrosequencing [19]
cose tolerance)
5/5 15/15 - Case—control China Affymetrix Axiom - [56]
genome-wide TWB
array
194/0 24/0 - Case-control, USA 450k - 21]
Twins study
36/106 20/70 69/205 (Predia- Case-control USA EPIC BeadChip - [22]
betes)
350 385 - Case—control Taiwan EPIC BeadChip - [23]
24/9 Short-term expo- - Case-control France EPIC BeadChip - [24]
sure T2DM: (850 k)
25/9
Long-term expo-
sure T2DM:
19/8
359/476 (Discovery 47/37 (Discovery - Case-control Germany 450 k 450k [25]

cohort)

172/268 (Replica-
tion cohort)

cohort) (Controlled
diabetics)

41/28 (Discovery
cohort) (Poorly
controlled diabet-
ics)

19/29 (Replication
cohort) (Controlled
diabetics)

13/26 (Replication
cohort) (Poorly
controlled diabet-
ics)
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Table 1 (continued)
Population Study design Location Method used for Method used for References
DNA methylation validation
Control (M/F) Type 2 Diabetes ~ Other (M/F) measurement
Mellitus (M/F)
Adipose Tissue
9/5 (Twins) 9/5 (Twins) - Case—control, Sweden 450 k 450 k [36]
32/38 (Validation 26/24 (Validation Twins study
Cohort1) Cohort1)
15/13 (Cohort 2) 15/13 (Cohort 2)
Discovery cohort  Discovery cohort - Case—control Spain 450 k Bisulfite pyrose- [37]
0/10 0/8 quencing
Validation cohort  Validation cohort
14/41 16/20
12/0 12/0 - Case-control China 450 k - [38]
6/6 6/6 - Case—control Denmark 27 k Bisulfite pyrose- [39]
quencing
8/0 8/0 8/0 (Obese non- Case—control Denmark Reduced repre- - [40]
T2DM) sentation bisulfite
sequencing
Pancreatic islets
11/0 5/0 - Case—control Italy 27k Bisulfite pyrose- (3]
quencing
Discovery cohort Discovery cohort - Prospective Korea 450 k Pyrosequencing [27]
subgroup 1 (4/4) Subgroup 1 (4/4)
Discovery cohort  Discovery cohort
Subgroup 2 (5/0) Subgroup 2 (5/0)
Replication cohort  Replication cohort
(220) (220)
22/12 10/5 - Case-control, Sweden 450k Pyrosequencing [28]
Twins study
4/4 3/3 - Case-control - 450k Pyrosequencing [59]
Liver
60 35 - Case—control Finland 450k qgPCR [51]
0/96 (Discovery 0/96 (Discovery - Case-control France 450 k 450 k [50]
cohort) cohort)
11/42 (Replication  11/42 (Replication
cohort) cohort)
Skeletal muscles
17 17 8 (Impaired glu- Case-control Sweden  MEDIP Bisulfite sequenc-  [52]
cose tolerance) ing
14 14 - Case—control - 450 k - [104]
9/0 13/9 2/7 (obese) Case—control USA Reduced repre- - [105]
sentation bisulfite
sequencing
Spermatozoa
9/0 8/0 - Case—-control - Next-generation - [57]

sequencing (lllu-
mina HiSeq 2000)

T2DM: Type 2 diabetes mellitus; 450 k: lllumina HumanMethylation450 BeadChip; 27 k: lllumina HumanMethylation27 BeadChip; 850 k: lllumina HumanMethylation
EPIC BeadChip v1; gRT-PCR: Real-time quantitative reverse transcription PCR; MEDIP: Methylated DNA immunoprecipitation, Affymetrix Axiom genome-wide Taiwan

BioBank (TWB) array

their death. Regions in SFRS2IP [3], MSI2 [27], which are
known to be associated with critical roles in nucleic acid
binding, and B3GNT7 [28] that is involved in synthesis
of glycoprotein, were reported to be hypomethylated in

pancreatic islets from T2DM individuals. Considering
that DNA methylation can change based on the time of
collection of tissue after death [29, 30], findings from
these studies need to be interpreted in cognizance of the
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PTPRN?2
T in blood (2 studies)
4 in adipose tissue (1 study)

PPARGCIA

T in skeletal muscle (1 study)
4, T in spermatozoa (1 study)

ABCGI

7T in blood (2 studies)

Page 14 of 25

TXNIP
d in blood (9 studies)

Fig. 2 A pie chart depicting the genes that were consistently reported to be differentially methylated in > 2 studies in various tissues from T2DM
subjects. T: Hypomethylation, ¥: Hypermethylation in T2DM individuals compared to normoglycemics. PPARGCIA (chr4: 24,024,251-500)
hypomethylated, (chr4: 24,111,501-750) hypermethylated in spermatozoa [57]

lack of details available in these studies about the cause of
death or collection and storage of pancreatic islet tissue
after death.

Adipose tissue

Adipose tissue is known to play a critical role in regu-
lating body metabolism and energy homeostasis [31].
Dysregulation in adipose biology imposes serious health
complications such as obesity and development of T2DM
[31]. DNA methylation is an important regulator fac-
tor in development [32, 33] and dysfunction [34, 35] of
adipose tissue. Five studies—4 of these representing the
European population—included in this review have dis-
sected whether T2DM, and related risk factors are asso-
ciated with epigenetic modifications in human adipose
tissue [36—40]. It is possible that DNA methylation alter-
ations in these reported genes including Clorf52 [36],
HOOK?2 [37], MFSDI1 [38], HNF4A [39] and LITDI [40]
contribute to or are caused by T2DM.

Clorf52 is involved in RNA binding in adipose tissue
[41], and HOOK?2 is responsible for cytoskeleton mainte-
nance via regulation of microtubules [42], while MSFDI
regulates lysosome transport [43]. Epigenetic alterations
in such genes involved in cell structure and function can
cause dysfunction in adipose tissue, thereby leading to
insulin resistance. While HNF4A mainly regulates tran-
scription in hepatocytes and is associated with Fanconi
renotubular syndrome 4 with maturity-onset diabetes of
the young [44] and maturity-onset diabetes of the young,
type 1 [45], it is also known to play a role in lipid and
glucose metabolism [46, 47]. LITD1 is predicted to be
involved in single-stranded RNA-binding activity [48].

Liver

Liver is known to be involved in regulating glucose level
by storing and releasing glycogen in response to insulin
and glucagon [49]. Impaired hepatic gluconeogenesis,
glycogenolysis and insulin sensitivity are known to play
an important role in T2DM development and other risk
factors. Altered hepatic metabolism could be the cause
or consequence of DNA methylation modification.
Genes involved in intracellular tyrosine kinase activity—
PDGFA [50], transferring phosphorus-containing groups
and protein tyrosine kinase activity—RIPK4 [51], heme
binding and oxidoreductase activity—CYB561D1 [51],
were found to be hypomethylated in the diabetic groups.
However, the gene involved in inflammation—/L23Ap19
[51] was identified to be hypermethylated in the diabetic
group. Of the two studies reported here, one was from
France and the other from Finland.

Gene expression studies

Out of the 32 studies reviewed, 8 had also examined
differences in gene expression between T2DM and
normoglycemic individuals. To examine if increase in
methylation of a gene causes decrease in expression of
that gene, we analyzed the studies that report both dif-
ferentially methylated genes and gene expression, in the
same population and study setting, using tissues from the
same study participants (Table 3). For most of the loci
with both DNA methylation and gene expression data
available, we found that increase in methylation was asso-
ciated with decrease in expression, concurrent to the cur-
rent understanding [6]. Hypermethylation of PPARGCIA
in skeletal muscles [52], ABCGI in blood [18] and PER2
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Table 3 Differentially methylated genes/loci and associated gene expression levels in T2DM subjects, from case—control studies
included in the review

Gene name Methylation status ~ Gene expression Gene expression P Method References
T value

Blood

ABCGI 1 y 15%107° lllumina Human HT-12 v3 Expression [18]

BeadChip

PRKCZ t y <0.05 Western Blotting (protein level) [102]

NR4AT 1 1 <0.05 gRT-PCR [103]

NT5C2 1 | 0.05 gRT-PCR [56]

Adipose tissue

S100A4 ¥ 1 0.005 gPCR [36]

SLC37A2 1 i 0.005

Pancreatic islets

PER2 t 1 <0.05 GeneChip Expression microarray [3]

SFRS2IP l 1 <0.05

PTPRD N\ 1 <0.05

HAPLN1 { 1 <0.05

FLI14054 ! 0 <0.05

SCNN1D ¥ 1 <0.05

Liver

PDGFA N\ 1 <0.007 gRT-PCR [50]

Skeletal muscle

PPARGCTA t ¥ <0.036 gPCR [52]

In the DNA methylation column *: hypermethylation; J: hypomethylation; in the gene expression column *: increased expression; |: decreased expression; qPCR: real-
time polymerase chain reaction; qRT-PCR: real-time-reverse transcription polymerase chain reaction

in pancreatic islets [3] was associated with lower expres-
sion of the corresponding genes.

Twin studies

Five of the 32 studies reviewed here have investigated
DNA methylation in monozygotic twin cohorts [17, 21,
28, 36, 53] (Table 4). MALTI [53] which is known to be
involved in energy and insulin signaling pathways [54],
PTBP1 [36] that is involved in nucleic acid binding, and
ANOS8 [28] that is involved in calcium transport, were
hypermethylated in diabetic twins in peripheral blood,
adipose tissue and pancreatic islets, respectively. TXNIP
[17, 21], COL21A1 [36] and B3GNT7 [28] were hypo-
methylated in blood cells, adipose tissue and pancreatic
islets, respectively, from the diabetic twins. Dayeh et
al. reported differential methylation of ABCGI (hyper-
methylated in blood and adipose tissue) and PHOSPHO1
(hypomethylated in skeletal muscle) in monozygotic
twins discordant for T2DM [55].

Association between diabetes related traits and DNA
methylation

Only 4 of the 32 studies reported association between
diabetes-related traits (hyperglycemia and insulin
resistance) and DNA methylation [17-19, 22]. Kriebel

et al. reported significant association between meas-
ures of glucose metabolism phenotypic traits and
methylation levels of 31 CpG sites in PBMCs [18]. Five
CpGs were found to be associated with fasting glucose,
1 CpG with 2-h glucose, 8 with fasting insulin and 26
with Homeostatic Model Assessment of Insulin Resist-
ance (HOMA-IR) in model 1 (Table 2) [18]. There was
no significant association between HbAlc and DNA
methylation levels in model 1; in model 2, after adjust-
ment for body mass index (BMI), the effect strength
was reduced by 30% for DNA methylation associations
with fasting glucose suggesting that the associations
between DNA methylation and diabetes-related traits
are partially mediated by BMI [18].

Kulkarni et al. investigated association between
446,356 autosomal CpG sites and phenotypic traits in
PBMCs, of which a total of 51 CpG sites were signifi-
cantly associated with T2DM, 19 with FBG and 24 with
HOMA-IR (Table 2) [19].

Wang et al. report association between 63 differen-
tial methylated loci and fasting blood glucose and asso-
ciation between 6 differentially methylated loci with
HbA1lc in blood samples from twins discordant for dia-
betes [17]. Among these, hypomethylation of TXNIP
[17, 19] and hypermethylation of ABCGI [18, 19] were
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Table 4 Differentially methylated genes/loci reported in T2DM subjects in studies with twins as participants
Gene name  Methylation P value Population References
status
Ty Control T2DM Others
M/F M/F M/F
COL21A1 { 0.001 9/5 9/5 - (36]
STK24 ! 0003  (twins) (twins)
Validation Validation

cuxi v 007 Cohort1 Cohort1
TANK \ 0.01 32/38 26/24
CFDPI 1 001 Cohort 2 Cohort 2

‘ 15/13 15/13
PTBP1 1 0.01
GSTM5 1 0.01
MGRNT 1 0.001
RNF170 1 0.04
CREBBP 1 0.02
MALTT 1 9.95x1071°7 pairs of healthy concordance twins 17 pairs of T2DM discordant twins - [53]
GPR61 4 0012 and 3 pairs of T2DM concordant

i twins
PRKCB 1 0.038
B3GNT7 i 75x10% 22/12 10/5 - (28]
BCOR i 48x107°
CDKNTA i 12x107*
FAM1508 { 27%x10™
TGFBR3 i 69%107°
IL6ST i 63%107°
ZNF703 | 13%107
ANOS 1 3.0x107
DMTF1 1 16x107
SEMASB i 12x107*
TXNIP i <0.001 194/0 24/0 - [21]
TXNIP N\ 2.04x107%% 215 twins (discovery group) 101 twins (discovery group) - [171

250 twins (replication group)

66 twins (replication group)

In the DNA methylation status column 1: hypermethylation; J: hypomethylation. *TXNIP associated with fasting blood glucose

positively associated with fasting blood glucose (FBG),
and hypermethylation of SAMDI2 was negatively asso-
ciated with FBG [19]. TXNIP hypomethylation in blood
cells was found to be associated with hyperglycemia in
individuals from Taiwan [23], France [24], the USA [21]
and China [17].

Dawes et al. performed genome-wide DNA methyla-
tion on blood samples from normoglycemic (n=142),
pre-diabetic (n=274) and diabetic (n=90) individuals
[22]. They identified HbAlc-associated DNA methyla-
tion loci by regressing the probes against HbAlc val-
ues, while controlling for age, sex and BMI [22]. They
report ¢g19693031 (TXNIP) as the locus most highly
associated with HbAlc [22].

Enrichment analysis of genes differentially methylated
inT2DM

Enrichment analysis of signaling pathways relevant to
the pathophysiology of T2DM using Enrichr-KG [15]
was done in two steps. Initially, all 130 genes differen-
tially methylated in T2DM in all 32 studies reviewed
were included (Fig. 3). To take into account reproduc-
ibility of these findings, enrichment analysis was sepa-
rately done specifically for the genes (ABCG1, TXNIP,
PTPRN2, PPARGCIA) that were reported to be dif-
ferentially methylated in T2DM in more than one
study (Fig. 4). TXNIP hypomethylation in blood was
linked to hyperglycemia. PPARGCIA hypermethyla-
tion in skeletal muscles, and two CpG sites that were
hyper- and hypomethylated, respectively, in sperma-
tozoa, was linked to hyperglycemia and adipocytokine
signaling pathway. PTPRN2 that was reported to be
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Huntington's disease E10
MAEA
VPS13A
ELOVL5
CREB1 AMPK signaling pathway
Glucagon signaling pathwa! Type 2 diabetes mellitus
Y o PPARGC1A Glaucoma
Cholinergic synapse
e CPT1A TGFBR!
HNF4A GEERS
PRKCZ
KCNQ1
PRKCB HNF1B
CDKN2A
Insulin resistance
Diabetes mellitus
Amphetamine addiction
Ovarian cancer

PTPRN2

Fig. 3 Gene enrichment analysis of 17 of the 130 genes reported to be differentially methylated in T2DM subjects in the 32 studies included

for review using Enrichr-KG. These genes were mapped to diabetes and related disorders. Insulin resistance, glucagon signaling pathway, glaucoma,
AMPK signaling pathway, cholinergic synapse, ovarian cancer, amphetamine addiction and Huntington's disease were found to be associated

with KCNQT, FTO, PPARGCITA, PTPRN2, ELOVLS5, HNF1B, HNF4A, VPS13A, MAEA, CREB1, CPT1A, PRKCZ, PRKCB, CREB3L2, CDKN2A and TGFBR3

hypermethylated in blood and hypomethylated in adi-
pose tissue was associated with T2DM and T1DM.

Subgroup analysis based on ethnicity
Out of the 32 studies, 16 (50%) were from Europe, 4
(13%) were from North America, 8 (25%) were from
Asia and 1 (3%) from Africa. Three studies (9%) did
not report their subjects’ ethnicity/demography.
TXNIP was the most commonly reported hypometh-
ylated gene in blood cells of T2DM individuals from
all the geographic locations [16, 17, 19-24]. ABCGI
was found be to hypermethylated in blood cells of type
2 diabetics in studies from Europe [18] and the USA
[19]. PTPRN2 was reported to be hypermethylated in
peripheral blood in studies from China [56] and France
[24]. Conversely, PTPRN2 was reported to be hypo-
methylated in adipose tissue from a Spanish study [37].

Subgroup analysis based on sex
PPARGCIA was assessed for differential methylation in
two studies which had only male participants [52, 57].
PPARGCIA was hypermethylated in skeletal muscle
of T2DM men [52]. Of the two differentially methyl-
ated regions in PPARGCIA identified in sperm, chr4:
24,111,501-750 was reported to be hypermethylated,
and chr4: 24,024,251-500 was reported to be hypo-
methylated [57]. We did not find other epigenome-
wide studies that report differential methylation of
PPARGCIA in female-only or mixed-sex populations.
PDGFA was found to be hypomethylated in hepato-
cytes from liver biopsies of female T2DM participants
of the discovery group and was later confirmed in both
men and women by Abderrahmani et al. [50]. Simi-
larly, hypomethylation of MSI2 in blood cells was first
observed in a discovery group comprised of only men,
and then in a replication group of both men and women
by Jeon et al. [27].
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TXNIP
Insulinoma
Glucagon signaling pathway Spondylolysis
Hyperglycemia
Longevity{SERERED pathway Aortic valve insufficiency
PTPRN2
PPARGC1A
Type | diabetes mellitus
ABCG1

Adipocytokine signaling pathway

ABC transporters

Pulmonary alveolar proteinosis

Fig. 4 Gene enrichment analysis of 4 genes reported to be differentially methylated in T2DM subjects in> 1 study from among the 32 studies
included for review using Enrichr-KG. Hyperglycemia, type 1 diabetes, adipocytokine signaling pathway, glucagon signaling pathway, longevity
regulating pathway and ABC transporters were found to be associated with PPARGCTA, TXNIP, PTPRN2 and ABCG1

In the cg 11,738,485-region (5 CpG nucleotides) of
HOOK?2, female T2DM visceral adipose tissue sam-
ples were hypermethylated, while male T2DM samples
were hypomethylated, compared to non-diabetic sex-
matched control samples [37]. None of the other loci/
genes were reported to be differentially methylated in
a sex-specific manner.

Internal and/or external validation

Only 22% of the studies reviewed (7 out of 32) vali-
dated their findings in an independent set of sub-
jects using the same DNA methylation measurement
method that they had used for the discovery set of
samples [17, 25, 27, 36, 37, 50, 53]. Others used either
bisulfite pyrosequencing/sequencing (10 studies) [3,
19, 27, 28, 37, 39, 52, 58-60], qPCR (1 study) [51], Epi-
TYPER (1 study) [16], Illumina 450 k (3 studies) [36,
50, 53] or MEDIP (1 study) [61] for their internal vali-
dation. Sixteen studies (50%) did not perform any vali-
dation for their findings.

Replication for case-control studies

We later looked for candidate-gene DNA methylation
studies to see if the differentially methylated genes found
in genome-wide studies have been confirmed in them.
The following genes were reported to be differentially
methylated in T2DM compared to normoglycemic con-
trols in independent candidate-gene DNA methylation
studies in the same tissue as the initial discovery group—
ABCGI [62, 63], FTO [64—66], TXNIP [67] and KCNQI
[64, 68] in PBMCs, and PPARGCIA in pancreatic islets
[69].

Prospective studies
As prospective studies observe the disease condition over
a long period, they help in better understanding the role
of a gene/set of genes toward pathogenesis. In our review,
we came across three such studies that looked at inci-
dence of T2DM and epigenetic modifications in genes
associated with this incidence (Table 5).

In a 1:1 matched nested case—control study of 290 inci-
dent diabetics, who developed T2DM and 290 controls,
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Table 5 Genes differentially methylated at baseline/recruitment in normoglycemic subjects who developed T2DM during follow-up

in prospective studies

Gene name Methylation status in P value DNA methylation end References
T2DM (compared to point
normoglycemic control ~ Univariate  After multiple testing correction
subjects)
T
Blood
IGFBP2 (cg005689321) 1 - <0.05 FDR corrected [70]
IGFBP2 (cg03625261) 1 - <0.05
IGFBP2 (cg26187237) 1 - <0.05
IGFBP2 (cg25316969) 1 - <0.05
IGFBP2 (cg25380868) ! - <0.05
IGFBP2 (cg13220299) | - <0.05
IGFBP2 (cg03149532) i - <0.05
THADA (chr2:43,590,864) ¥ 0.012 0.0464 Corrected for multiple Average percent methyla-  [58]
JAZF1 (chr7:28,143482) 0.0034 00188 testing tion
SLC30A8 (chr8:118,257,326) | 0.0025 0.0188
SLC30A8 (chr8:118,257,358) | 0.0102 0.0428
SLC30A8 (chr8:118,258,573) | 0.0027 0.0188
TCF7L2 (chr10: 114,734,658) + 0.0012 0.0116
TCF7L2 (chr10: 114,739,401) | 0.0079 0.0361
TCF7L2 (chr10: 114,743,601) 4 0.0004 0.0055
TCF712 (chr1 0:114,743,664) 0.0001 0.0025
KCNQT (chr11:2,805,916) | 0.0033 0.0188
KCNQ1 (chr1 :2,806,049) | 0.0001 0.0015
KCNQT (chr11:2,806,079) i 0.0038 0.0192
FTO (chr16: 52,366,732) | 1x107 0.0006
Pancreatic islets
MSI2 l 0.013 Methylation scores (3) [27]

ranged from 0 (unmethyl-
ated) to 1 (methylated)

*: Hypomethylation; ¥: Hypermethylation; FDR: False discovery rate

who remained normoglycemic during the 4-year follow-
up, baseline methylation at 7 CpG sites of IGFBP2 in
blood cells (4 hypermethylated and 3 hypomethylated
in cases) was associated with increased risk of incident
T2DM [70].

Jeon et al. reported that differential methylation of
three CpG sites in blood cells at baseline was associ-
ated with T2DM/hyperglycemia after a 10-year follow-
up [27]. These CpG sites were ¢g23586172 (annotated
to MSI2, hypomethylated), cg22604213 (annotated to
CXXC4, hypomethylated) and cg25290098 (hypomethyl-
ated) in T2DM [27]. They further reported MSI2 hypo-
methylation in a replication group of 220 normoglycemic
and 220 T2DM individuals [27]. Furthermore, whole-
genome bisulfite sequencing of pancreatic islets of 2
T2DM and 16 normoglycemic individuals revealed that
chr17:55,484,635 in MSI2 was hypomethylated in T2DM
[27]. While MSI2 hypomethylation was seen in both
pancreatic islets and PBMCs, pancreatic islets showed

increased difference of 16% methylation versus 3% in
PBMCs of MSI2 in T2DM when compared to normogly-
cemics [27]. MSI2 differential methylation was not found
to be replicated in locus-specific case—control studies.

From the Jerusalem LRC longitudinal study, Toperoff et
al. selected 58 individuals who developed impaired glu-
cose metabolism over a 13-year follow-up and reported
hypomethylation of a single CpG site in the first intron
of FTO in peripheral blood samples collected at baseline
[58]. Chen et al. similarly reported hypomethylation of
FTO in their case—control study [57].

In a longitudinal study of Indian Asians living in Lon-
don, UK (1074 incident T2DM and 1590 normoglyce-
mic controls), over 8 years of follow-up, Chambers et al.
reported that DNA methylation levels of TXNIP, PROC,
C7o0rf29, SREBF1, PHOSPHOI, SOCS3 and ABCGI! in
blood cells were positively associated with future T2DM
incidence [71]. Of these, higher baseline methylation lev-
els in TXNIP, SREBF1, PHOSPHOI, SOCS3 and ABCG1
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were also associated with incident T2DM in an European
cohort of 377 incident T2DM and 764 normoglycemic
individuals [71].

Differential methylation in animal models

To check if animal model studies exist that have inves-
tigated or reported differential methylation in the genes
identified as differentially methylated in the human case—
control studies as playing causal or mechanistic role in
the development of T2DM, a simple literature search was
done using PubMed and bibliography search. A study in
rat pancreatic islets reported Kcnql was hypomethyl-
ated in older rats (15 months of age) when compared to
younger rats (3 months of age), but this difference was
not statistically significant, while there was no compari-
son done with a rat T2DM model [72]. Though Toperoff
et al. reported hypomethylation of KCNQI in blood cells
[58], there are no human pancreatic islet studies report-
ing hypomethylation of KCNQI. Identification of multi-
ple variants in genome-wide association studies [73-81]
points toward the likely importance of KCNQI in T2DM
pathophysiology.

High-fat diet was shown to induce hypermethylation of
Tcf712, and subsequently, gene expression was decreased
in mouse islets [82]. This is in contrast to the findings
where TCF7L2 is hypomethylated in T2DM human
blood cells [58] and pancreatic islets [59]. It is to be
noted that the mice used were non-diabetic adult males
aged 8 weeks (equivalent to middle-aged humans [83])
[82], while the human study group were a mix of men
and women aged about 58—-65 years, and for the human
pancreatic islet study, the samples had been collected
post-mortem [58, 59]. Although there is an inverse differ-
ential methylation status among mice and humans, it is
important to note that a high-fat diet caused suppression
of Tcf712 gene expression and thus decreases pancreatic
beta-cell survival (mediated via the transcription of Wnt/
Beta-catenin signaling pathway [84]) [82].

Discussion

From the 32 studies finally included for this systematic
review, we identified 130 genes with T2DM-associated
differential methylation across all tissues analyzed. These
comprise of the top 5 hypo- and hypermethylated genes
for studies reporting more than 10 differentially meth-
ylated genes/loci. Of these 130 genes, 4 (3%; ABCGI,
PPARGCIA, PTPRN2 and TXNIP) were reported in>1
studies. The genes and associated pathways with altered
DNA methylation in T2DM are conceptually summa-
rized in Fig. 3 (for 16 of the 130 genes, for which pathway
analysis could be conducted) and Fig. 4 (for the 4 genes
reported to be differentially methylated in > 1 studies).
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Previous systematic reviews [8, 9] have reported dif-
ferentially methylated loci in genes in T2DM blood cells
including ABCG1, TXNIP, KCNQI. While another such
review by Muka et al. reported several epigenetically
regulated genes from blood cells, adipose tissue, muscle
and placenta, there was no overlap between them, and no
association was found between global DNA methylation
and T2DM/hyperglycemic markers [10].

We did not limit our search to a particular method
used to identify DNA methylation, and several studies
included have used Illumina’s 450 k array. The common
method of validation/replication in the studies reviewed
here was bisulfite pyrosequencing. We also looked at
candidate-gene DNA methylation studies which aimed to
replicate/validate the epigenome-wide studies reviewed
here and found that in blood cells, ABCG1 [62], FTO [64]
and KCNQI [64] were hypermethylated, while TXNIP
was hypomethylated [67]. TXNIP codes for thioredoxin-
interacting protein, and this protein plays a major role in
pathways generating reactive oxygen species [85], regu-
lating redox-dependent signaling pathways, mediating
oxidative stress, suppressing cell growth and inducing
pancreatic beta-cell apoptosis [86]. ABCG1 codes for the
protein responsible for intracellular sterol transport [87],
and it regulates cholesterol efflux from macrophages to
high-density lipoprotein in diabetics [88], indicated by
altered lipid levels [89]. While genetic variants and epi-
genetic modification of KCNQI have been linked with
T2DM via whole body insulin sensitivity [90], there is no
clear evidence for the mechanistic link. Likewise, there
has been no clear evidence of FTO link with T2DM.

As gene expression is known to be regulated by DNA
methylation, it is important to validate this claim in the
epigenome-wide association studies. We were able to
report the relation between DNA methylation in the
promoter region and expression of the corresponding
gene, as none of the studies had mentioned methyla-
tion status of other regions of the genes. Of the studies
reviewed here, we found that DNA methylation of genes
was inversely related to gene expression. For exam-
ple, hypomethylation of S100A4 in adipose tissue [36]
and PDGFA in hepatocytes [50] was associated with
increased expression of these genes, and hypermethyla-
tion of PPARGCIA in skeletal muscles [52], ABCGI in
blood [18] and PER2 in pancreatic islets [3] was associ-
ated with lower expression of the corresponding genes.
Even though we observed DNA methylation being
related inversely with expression of the correspond-
ing gene in the studies reviewed, this is not a rule as has
been reported repeatedly [91]. It is also important to note
that there have been reports of methylation levels differ-
ing between different regions of the gene that influence
gene expression; for instance, Anastasiadi et al. recently
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reported that gene expression is dependent on methyla-
tion of the first exon, more than methylation of the pro-
moter region [92]. Moreover, in other studies such as one
by Ball and colleagues, highly expressed genes have been
reported to have low methylation levels in the promoter
region and high methylation levels in rest of the gene
body [93]. We could not, however, evaluate the relations
between DNA methylation in various regions of a gene
and its corresponding expression in this study since the
studies reviewed by us have reported DNA methylation
specifically in the promoter region.

Epigenetic studies on twins discordant for disease sta-
tus are crucial in understanding the genetic basis of epi-
genetic differences observed in cross-sectional studies.
Of the 5 studies included in our search, 3 did not have
any common differentially methylated genes among
them, while the other two studies that used blood cells as
the source tissue had TXNIP as the common differentially
methylated gene between them, with hypomethylation of
TXNIP in diabetic blood samples observed in both these
studies [17, 21]. TXNIP is the only gene reported to be
hypomethylated in diabetic blood in both case—control
studies [55] and in twin studies [17, 21] where the influ-
ence of underlying genetic factors is not masked. TXNIP
has also been reported to be hypomethylated in diabetic
pancreatic islets [55] and skeletal muscle [55], making it a
potentially important causal gene in the pathophysiology
of T2DM.

T2DM is known to be associated with other comor-
bidities such as obesity and cardiovascular complication.
These comorbidities share some common risk factors like
age, BMI and cholesterol content in blood. These risk fac-
tors are influenced by genes such as KCNQI, TCF7L2
and FTO [94]. Other systematic reviews have looked at
epigenetic changes in obesity [95], aging [96, 97] and car-
diovascular complications [98]. Andrade et al. aimed to
identify epigenetic changes in human adipose tissue from
obese/overweight individuals with and without meta-
bolic disorders like T2DM [95]. They also report differen-
tially methylated genes that we have been reported in this
review, such as KCNQ1, FASN, MFSD1, TXNIP, PPARG,
IRSI and TCF7L2, from the same studies [95]. Krolevets
et al. report that in addition to about 75,000 CpG sites
and 19,000 genes, PTPRN2 was among the most fre-
quently reported gene that was associated with cardiac
disorders, although the direction of methylation is not
specified [98]. Of the two studies that investigated DNA
methylation in aging [96, 97], no genes/CpG sites/studies
were common with the ones mentioned in our review.

One of the most important factors in looking at T2DM
as an epidemic is the geographic location of the site of
reported data. With a large amount of data coming in
from Europe alone, it is important to perform similar
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studies in other parts of the world and including vari-
ous other ethnic groups to validate these reports and also
help in mapping the genetic diversity to be able to tackle
T2DM. India being the most populous country [99] with
about 11% of Indians suffering from T2DM (in 2020)
[100], it is imperative to study this population to uncover
T2DM susceptible loci/genes. Of note, Chambers et
al. have followed up London resident Indian Asians,
for 8 years, and found that DNA methylation levels of
TXNIP, PROC, C7orf29, SREBF1, PHOSPHOI1, SOCS3
and ABCG1 were positively associated with future T2DM
incidence [71], but similar studies are lacking in Indians
living in India, where exposure to pollution and availabil-
ity and consumption of healthy diet are vastly different.

As for sex-specific methylation signatures of T2DM,
differences were not seen between men and women
except in genes HOOK?2 [37] and MSI2 [27], which were
hypermethylated in adipose tissue, and hypomethylated
in blood, respectively. Finally, we searched if the genes
which we found to be highly reported to be differentially
methylated in human were also reported to be differen-
tially methylated in animal models. KCNQI was reported
to be hypomethylated in both T2DM human [58], and
older mice model compared with younger mice [72]
suggesting age-related methylation changes across spe-
cies. In both humans [58], and mice fed with a high-fat
diet, TCF7L2 was hypomethylated, and this DNA meth-
ylation change in mice was induced because of their diet
[82], suggesting that nutrient consumption plays a role
in epigenetic modification of genes involved in beta-cell
function, and a healthy diet can have a protective role in
maintaining homeostasis.

Although we did not look at clinical trials and can-
didate-gene studies that report differential DNA
methylation, our review is an up-to-date report of epig-
enome-wide studies that includes prospective studies.
We also report gene expression data in comparison with
DNA methylation. Furthermore, a systematic report of
differentially methylated gene/loci in tissues including
blood cells, adipose tissue, pancreatic islet, skeletal mus-
cles, liver and spermatozoa is included. While sex and
ethnicity play a major role in pathology, we have tried to
highlight these effects.

As with previous reviews, we emphasize the need for
more prospective studies and replication of genome-
wide association studies in different tissue types and
populations.

Conclusion

From the 32 studies that report differentially meth-
ylated genes/loci between T2DM and normoglyce-
mic individuals, ABCGI (hypermethylated in blood),
FTO (hypermethylated in blood and spermatozoa),
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KCNQI (hypermethylated in blood and hypomethyl-
ated in spermatozoa), TXNIP (hypomethylated in blood),
PPARGCIA loci at chr4: 24,111,501-750 (hypermeth-
ylated in skeletal muscle and spermatozoa) and loci at
chr4: 24,024,251-500 (hypomethylated in spermatozoa),
PTPRN2 (hypermethylated in blood, hypomethylated in
adipose tissue) were reported in more than one study.
We found reports of hypermethylation of these genes
that were associated with decreased gene expression, and
vice versa. We also report findings from studies done on
monozygotic twins. Various traits that can affect T2DM
such as sex, glucose levels, BMI and ethnicity were also
taken into consideration.

As there were multiple methods that were used to
measure DNA methylation, internal and external vali-
dation of these results is also reported. Finally, animal
model studies that have reported differential DNA meth-
ylation of the genes that were found to be differentially
methylated in human studies were looked at to get an
understanding of the likely mechanisms linking epi-
genetic dysregulation of these genes in T2DM to its
pathophysiology.

Although the majority of the top differentially meth-
ylated genes are well known, other more recent genes
reported here should be investigated further to under-
stand their role in pathogenesis of T2DM.
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CXXC4 CXXC Finger Protein 4

FTO Alpha-Ketoglutarate Dependent Dioxygenase

GLPIR Glucagon Like Peptide 1 Receptor
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