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ABSTRACT
Identification of subjects with a high risk of developing type 2 diabetes (T2D) is fundamental for
prevention of the disease. Consequently, it is essential to search for new biomarkers that can improve the
prediction of T2D. The aim of this study was to examine whether 5 DNA methylation loci in blood DNA
(ABCG1, PHOSPHO1, SOCS3, SREBF1, and TXNIP), recently reported to be associated with T2D, might predict
future T2D in subjects from the Botnia prospective study. We also tested if these CpG sites exhibit altered
DNA methylation in human pancreatic islets, liver, adipose tissue, and skeletal muscle from diabetic vs.
non-diabetic subjects. DNA methylation at the ABCG1 locus cg06500161 in blood DNA was associated
with an increased risk for future T2D (OR D 1.09, 95% CI D 1.02–1.16, P-value D 0.007, Q-value D 0.018),
while DNA methylation at the PHOSPHO1 locus cg02650017 in blood DNA was associated with a
decreased risk for future T2D (OR D 0.85, 95% CI D 0.75–0.95, P-value D 0.006, Q-value D 0.018) after
adjustment for age, gender, fasting glucose, and family relation. Furthermore, the level of DNA
methylation at the ABCG1 locus cg06500161 in blood DNA correlated positively with BMI, HbA1c, fasting
insulin, and triglyceride levels, and was increased in adipose tissue and blood from the diabetic twin
among monozygotic twin pairs discordant for T2D. DNA methylation at the PHOSPHO1 locus
cg02650017 in blood correlated positively with HDL levels, and was decreased in skeletal muscle from
diabetic vs. non-diabetic monozygotic twins. DNA methylation of cg18181703 (SOCS3), cg11024682
(SREBF1), and cg19693031 (TXNIP) was not associated with future T2D risk in subjects from the Botnia
prospective study.

KEYWORDS
ABCG1; adipose tissue; blood;
DNA methylation;
epigenetics; liver; pancreatic
islets; PHOSPHO1; skeletal
muscle; type 2 diabetes

Introduction

Type 2 diabetes (T2D) is a complex disease that results from
genetic and environmental interactions that can be modified and/
or mediated by epigenetic changes.1-3 A number of genetic and
non-genetic factors have been identified that increase the risk of
T2D.4-9 However, a healthier lifestyle, including proper diet and
exercise, can potentially reduce the risk of T2D by almost 50
percent in high-risk groups.10,11 Therefore, there is great interest
and need to identify individuals that have a high risk of developing
T2D. By postponing and/or preventing T2D and its complications,
it may be possible to reduce T2D-associated mortality and the
financial cost of treating the disease and its complications.

To date, more than 65 genetic variants have been identified
that increase the risk of T2D by almost 10 percent.6 However,
genetic screening for T2D risk variants has not been

implemented in the clinics. Despite the potential value of such
screening tests, a number of limitations have hindered their
use, including their small effect size, their low discriminative
ability, a small added value compared with the clinical risk fac-
tors, and a lack of models that take into account gene-gene and
gene-environment interactions.12 Thus, the search for new bio-
markers is ongoing. There is great interest in epigenetic bio-
markers such as DNA methylation, which, unlike the DNA
sequence, can be influenced by the environment, and hence
may potentially improve T2D prediction.

Recently, an epigenome-wide association study identified
5 DNA methylation loci (ABCG1, PHOSPHO1, SOCS3, SREBF1,
and TXNIP) in blood that were associated with future T2D. Fur-
thermore, the study showed that a methylation score that com-
bined the results from the 5 methylation loci was associated with
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future T2D incidence.8 The aim of this study was to replicate the
potential use of the 5DNAmethylation loci in bloodDNA recently
reported to be associated with T2D, in order to predict future T2D
in subjects from the Botnia prospective study. Furthermore, we
wanted to test if these loci and genes show altered DNA methyla-
tion and gene expression in primary target tissues for T2D from
diabetic vs. non-diabetic subjects.

Results

Prediction of T2D using DNA methylation loci
in blood DNA

For the prediction of T2D, we analyzed DNAmethylation of 5 CpG
sites: cg06500161 (ABCG1), cg02650017 (PHOSPHO1), cg18181703
(SOCS3), cg11024682 (SREBF1), and cg19693031 (TXNIP), which
have recently been reported to predict T2D,8 in blood DNA from
258 individuals from the Botnia prospective study whowere all non-
diabetic at baseline (Table 1). DNAmethylation at the ABCG1 locus
cg06500161 was associated with a 9% increased risk for future T2D
among people matched for age, gender, and fasting glucose levels
(OR D 1.09, 95% CI D 1.02–1.16, P-value D 0.007, Q-value D

0.018), while DNA methylation at the PHOSPHO1 locus
cg02650017 was associated with a 15% decreased risk for future T2D
among people matched for age, gender, and fasting glucose levels
(OR D 0.85, 95% CI D 0.75–0.95, P-value D 0.006, Q-value D
0.018). Furthermore, DNA methylation levels of both loci were still
associated with T2D risk after adjusting for leukocyte count:ABCG1
locus (OR D 1.10, P-valueD 0.004), and PHOSPHO1 locus (ORD
0.85, P-value D 0.007). None of the other 3 loci (SOCS3, SREBF1,
and TXNIP) were significantly associated with the development of
T2D (Table 2). A methylation score combining the DNA methyla-
tion of the 5 CpG sites could not predict future T2D
(P-valueD 0.22).

Correlations between DNA methylation in blood DNA
and T2D risk factors

Next, for the 258 Botnia subjects who were non-diabetic at
baseline, we correlated DNA methylation at the 5 investi-
gated DNA methylation loci with risk factors for T2D, as
well as glucose and lipid phenotypes. DNA methylation at
the ABCG1 locus cg06500161 correlated positively with
BMI, HbA1c, fasting insulin, and triglyceride levels, while

Table 1. Clinical characteristics of study subjects from the Botnia prospective study at baseline and of monozygotic twin pairs discordant for T2D from whom blood sam-
ples and skeletal muscle biopsies were obtained.

Botnia prospective study MZ twins discordant MZ twins discordant
(Blood) for T2D (Blood) for T2D (Skeletal muscle)

Controls Converters Non-diabetic T2D Non-diabetic T2D

N (male/female) 129 (62/67) 129 (65/64) 19 (11/8) 17 (10/7)
Age (years) 51.4 § 9.1 52.8§ 12.3 66.5 § 8.0 66.8 § 7.3
BMI (kg/m2) 27.6 § 3.0 28.8§ 4.3� 29.1 § 6.1 30.9§ 6.4� 29.9 § 6.1 32.1 § 6.1�
Fasting glucose (mmol/L) 5.1 § 0.4 5.3 § 0.6� 6.2 § 0.6 9.7 § 3.0� 6.1 § 0.6 9.9 § 2.5�
Fasting insulin (pmol/L) 59.7 § 29.2 89.6§ 71.5� 67.5 § 51.7 122.2 § 147.2 73.3 § 59.0 136.2 § 172.3
HbA1c

percent 5.5 § 0.5 5.7 § 0.5� 5.9 § 0.4 7.4 § 1.7� 5.8 § 0.4 7.6 § 1.7�
mmol/mol 37.0 § 5.5 39.0§ 5.5� 41.0 § 4.4 57.0§ 18.6� 40.0 § 4.4 60.0 § 18.6�

Cholesterol (mmol/L) 6.1 § 1.1 5.7 § 1.0� 5.2 § 0.9 4.7 § 1.0 5.4 § 0.9 4.9 § 1.1
Triglycerides (mmol/L) 1.5 § 0.8 1.6 § 0.9 1.2 § 0.6 1.5 § 0.7 1.3 § 0.6 1.8 § 0.9
HDL cholesterol (mmol/L) 1.4 § 0.3 1.3 § 0.3� 1.4 § 0.4 1.3 § 0.4 1.4 § 0.4 1.3 § 0.4
LDL cholesterol (mmol/L) — — 3.2 § 0.7 2.8 § 0.8 3.4 § 0.7 2.9 § 0.8
Have family history record 119 (91.5) 109 (88.6)
Leukocyte (£ 109/L) 6.0 § 1.5 6.7 § 1.9�
Follow up (years) 9.3 § 3.5 6.9 § 3.5�
Normal glucose tolerance 84 (64.6) 50 (38.7)�

Data are presented as mean § SD or as number (%).�P-value< 0.05, converters vs. controls and T2D vs. non-diabetic subjects.
Lipid and glucose phenotype data are based on 12 to 18 twin pairs.
LDL data is not available for the selected Botnia subjects at baseline.

Table 2. Associations between DNA methylation in CpG sites annotated to ABCG1, PHOSPHO1, SOCS3, SREBF1 and TXNIP and future T2D in subjects from the Botnia
prospective study.

DNA methylation (%)

CpG site Gene OR 95% CI P-value Q-value� Controls Converters Delta N Gene region

cg06500161 ABCG1 1.09 1.02–1.16 0.007 0.018 65.9 § 4.2 67.2 § 5.7 1.3 216 Body
cg02650017 PHOSPHO1 0.85 0.75–0.95 0.006 0.018 2.7 § 2.2 1.9 § 2.1 ¡0.8 244 Body
cg18181703 SOCS3 0.97 0.93–1.02 0.22 0.275 52.4 § 6.2 51.3 § 6.0 ¡1.1 238 Body
cg11024682 SREBF1 0.99 0.95–1.03 0.68 0.680 49.4 § 6.4 49.7 § 6.4 0.2 239 Body
cg19693031 TXNIP 0.96 0.91–1.02 0.16 0.267 70.2 § 5.5 69.6 § 5.4 ¡0.6 247 30UTR

Logistic regression is corrected for age, gender, fasting glucose, and family relation.�FDR was calculated for 5 tests.
Methylation data is presented as mean § SD. OR, odds ratio; CI, confidence interval. UTR, untranslated region.
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DNA methylation at the PHOSPHO1 locus cg02650017 cor-
related positively with HDL levels (Table 3). Also, methyla-
tion at the SOCS3, SREBF1, and TXNIP loci correlated with
risk factors for T2D (Table 3).

Epigenetic dysregulation of DNA methylation in target
tissues for T2D

To test if DNA methylation of ABCG1, PHOSPHO1, SREBF1,
SOCS3, and TXNIP is dysregulated in primary target tissues for
T2D, we studied DNA methylation of all CpG sites annotated
to these 5 genes on the Infinium 450K array in T2D case-con-
trol studies from human pancreatic islets and liver, and from
adipose tissue, skeletal muscle and blood obtained from mono-
zygotic twins discordant for T2D.13-17 Based on P < 0.05, we
found that DNA methylation of cg06500161 (ABCG1) was
increased in adipose tissue and blood from subjects with T2D,
DNA methylation of cg02650017 (PHOSPHO1) was decreased
in T2D skeletal muscle, DNA methylation of cg11024682
(SREBF1) was increased in T2D pancreatic islets, and DNA
methylation of cg19693031 (TXNIP) was decreased in pancre-
atic islets, skeletal muscle, and blood from subjects with T2D
(Table 4). In addition, a number of surrounding CpG sites in
these genes was also differentially methylated in human pan-
creatic islets, liver, adipose tissue, skeletal muscle, and blood
from diabetic vs. non-diabetic subjects (Supplementary
Table 2).

Correlations between DNA methylation and gene
expression in human tissues

We also wanted to investigate if the association between DNA
methylation and metabolic phenotypes/T2D potentially
could be mediated via altered expression of the nearest gene.
We correlated DNA methylation at the 5 studied CpG sites in
pancreatic islets, liver, adipose tissue, and skeletal muscle
with gene expression from the same tissue and subjects, using
available microarray data.13-17 We found that DNA methyla-
tion of cg18181703 correlated positively with SOCS3
expression in human pancreatic islets (Spearman’s rho D 0.19,
P-value D 0.033, Q-value D 0.16, n D 34), and negatively with
SOCS3 expression in adipose tissue (Regression coefficient D
¡0.028, P-value D 0.002, Q-value D 0.011, n D 25). Addition-
ally, expression of ABCG1 and TXNIP was altered in muscle
from subjects with T2D, while expression of SREBF1 was
altered in both diabetic muscle and liver (Supplementary
Table 3). It should be noted that expression data from blood
was not available from subjects in the Botnia prospective study
or the T2D discordant twins.

Correlation between DNA methylation in blood with
methylation in adipose tissue and skeletal muscle
from the same subject

Finally, we investigated whether DNA methylation in blood
could be used as a surrogate marker for DNA methylation in
target tissues for T2D. DNA methylation at the 5 studied loci

Table 3. Correlations between DNA methylation and glucose and lipid phenotypes with P-value< 0.05 in blood from subjects from the Botnia prospective study.

CpG site Gene Pearson corr. P-value Q-value� N Phenotype

cg06500161 ABCG1 0.21 0.001 0.008 224 BMI (kg/m2)
cg06500161 ABCG1 0.14 0.044 0.155 205 HbA1c (%)
cg06500161 ABCG1 0.23 0.001 0.006 218 Fasting Insulin (pmol/l)
cg06500161 ABCG1 0.22 0.001 0.006 209 Triglycerides (mmol/l)
cg02650017 PHOSPHO1 0.19 0.004 0.029 235 HDL (mmol/l)
cg18181703 SOCS3 ¡0.18 0.005 0.050 244 Age (years)
cg18181703 SOCS3 ¡0.13 0.041 0.125 245 BMI (kg/m2)
cg11024682 SREBF1 0.24 0.0002 0,006 246 Age (years)
cg11024682 SREBF1 0.15 0.022 0.099 247 BMI (kg/m2)
cg11024682 SREBF1 0.15 0.022 0.099 247 Fasting glucose (mmol/l)
cg11024682 SREBF1 0.13 0.050 0.155 228 HbA1c (%)
cg19693031 TXNIP ¡0.13 0.039 0.155 239 Triglycerides (mmol/l)

�FDR was calculated for 40 tests.

Table 4. Differential DNA methylation of the 5 CpG sites annotated to ABCG1, PHOSPHO1, SOCS3, SREBF1 and TXNIP in T2D compared with non-diabetic subjects in
pancreatic islets, adipose tissue, skeletal muscle, and blood.

DNA methylation (%)

CpG Gene Non-diabetic T2D Delta P-value Q-value� Tissue Ref.

cg06500161 ABCG1 56.7 § 2.3 57.9 § 2.8 1.2 0.032 0.135 Blood
cg06500161 ABCG1 43.9 § 5.3 47.7 § 5.2 3.8 0.025 0.123 Adipose tissue Nilsson et al.
cg02650017 PHOSPHO1 26.3 § 5.7 24.2 § 5.4 ¡2.1 0.020 0.123 Skeletal muscle
cg11024682 SREBF1 52.0 § 5.8 59.5 § 8.4 7.5 0.045 0.160 Pancreatic islets Dayeh et al.
cg19693031 TXNIP 63.4 § 4.3 59.4 § 6.6 ¡4.0 0.020 0.123 Skeletal muscle
cg19693031 TXNIP 67.6 § 4.5 64.7 § 6.5 ¡3.0 0.023 0.123 Blood
cg19693031 TXNIP 56.7 § 10.4 44.8 § 10.4 ¡11.9 0.0006 0.016 Pancreatic islets Dayeh et al.

�FDR was calculated for 25 tests.
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in blood was correlated with DNA methylation of the corre-
sponding CpG site in adipose tissue and skeletal muscle
obtained from the same subject. We found that DNA methyla-
tion of cg18181703 (SOCS3) and cg11024682 (SREBF1) in
blood correlated with the degree of methylation in adipose tis-
sue (Regression coefficient D 0.31 and 0.40, P-value D 0.010
and 0.052, n D 28).

Discussion

In this study, we replicated the recently reported association
between DNA methylation at cg06500161 (ABCG1) and
future T2D in subjects from the Botnia prospective study. Fur-
thermore, DNA methylation at cg06500161 in blood correlated
positively with BMI, HbA1c, fasting insulin, and triglyceride
levels, and it was increased in adipose tissue and blood from
the diabetic twin among monozygotic twin pairs discordant for
T2D.

ABCG1 encodes a member of the ATP-binding cassette
(ABC) protein family, which plays a role in the homeostasis of
glucose and lipids. These proteins do so by removing excess
cholesterol from peripheral tissues and transporting it to the
liver.18 The HDL-mediated increase in insulin secretion is
dependent on ABCG1. Loss of both ABCA1 and ABCG1 results
in sterol accumulation, impaired glucose-stimulated insulin
secretion, and inflammation of pancreatic b-cells.19

Recently, DNA methylation at cg06500161 (ABCG1) in
blood was associated negatively with HDL-C levels and posi-
tively with triglyceride levels and myocardial infarction. In
addition, methylation of 2 CpG sites in ABCG1 in adipose tis-
sue was also positively associated with triglyceride levels.7

Another study showed that DNA methylation of cg06500161
in CD4C T cells was associated positively with fasting insulin
levels and HOMA-IR.20 Importantly, our ABCG1 methylation
data are in line with these studies.

DNA methylation at cg06500161 in blood has been shown
to correlate negatively with ABCG1 expression in blood.7,8

These authors showed that the strength of the association var-
ied for the 6 different ABCG1 transcripts. Furthermore, an elec-
trophoretic mobility shift assay (EMSA) showed that
methylated cg06500161 had a lower binding affinity to an
unknown protein complex compared with unmethylated
cg06500161.7 A recent study showed that the relationship
between BMI and expression of ABCG1 in monocytes is par-
tially mediated through DNA methylation.21 Interestingly,
ABCG1 has shown allelic imbalance of expression in human
pancreatic islets, and in lymphoblastoid cell lines, suggesting
that altered allelic expression of ABCG1 may result from both
genetic and epigenetic mechanisms.22,23 Accordingly, we found
that ABCG1 expression was reduced in skeletal muscle from
subjects with T2D. Taken together, these findings point toward
the importance of taking into consideration the different
ABCG1 transcripts that might be expressed in different tissues
and genetic variation.

Genetic variation in coding SNPs in ABCG1 has not previ-
ously been associated with increased risk of T2D.24 However, a
recent study integrated regional ABCG1 SNP data with methyl-
ation of cg06500161 and identified a number of methylation

quantitative trait loci (cis-meQTLs), some of which were asso-
ciated with insulin and HOMA-IR.20 It will be interesting to
examine whether combining genetic, clinical, and epigenetic
information provides us with better prediction models for
diabetes.

PHOSPHO1 encodes a phosphatase that is highly expressed
in skeletal muscle and plays a role in skeletal mineralization.
Under certain circumstances, it may also cause vascular miner-
alization.25-27 Cardiovascular calcification is a common conse-
quence of aging, diabetes, and hypercholesterolemia.28

PHOSPHO1, is considered to be an attractive target for cardio-
vascular therapy.26 Interestingly, we found that DNA methyla-
tion at the PHOSPHO1 locus cg02650017 in blood correlated
positively with HDL levels. Furthermore, DNA methylation at
the PHOSPHO1 locus cg02650017 was decreased in skeletal
muscle from diabetic vs. non-diabetic monozygotic twins, while
its expression was not altered.

Epigenetic alterations have been reported for numerous
genes in pancreatic islets, liver, adipose tissue, and skeletal
muscle from subjects with T2D compared with non-diabetic
controls.13-15,17 However, the potential use of T2D-associ-
ated DNA methylation patterns in target tissues for disease
prediction is hindered by the inaccessibility of these tissues,
and will only become feasible if we could find biomarkers
in easily accessible tissues that reflect the changes in inter-
nal and inaccessible tissues. In this study, we found that
DNA methylation of cg06500161 (ABCG1) was increased in
adipose tissue and blood from the same individual and that
DNA methylation of cg19693031 (TXNIP) was decreased in
pancreatic islets, skeletal muscle, and blood from subjects
with T2D compared to controls. Furthermore, DNA meth-
ylation at cg18181703 (SOCS3) and cg11024682 (SREBF1)
in blood correlated with DNA methylation levels in adipose
tissue from the same individual. Recently, we have shown
that age-associated DNA methylation changes in blood mir-
ror DNA methylation changes in human adipose tissue
from elderly compared with young subjects.29 We found
that methylation of a number of CpG sites in and sur-
rounding the 5 investigated loci was altered in pancreatic
islets, adipose tissue, skeletal muscle, and blood from sub-
jects with T2D compared with non-diabetic controls. These
epigenetic dysregulations at the same loci, but in different
tissues from the same individual, may be mediated by so-
called ‘metastable epialleles’; that is, “alleles that are variably
expressed in genetically identical individuals due to epige-
netic modifications that are established during early devel-
opment”.30 Despite the stochastic nature of these epigenetic
modifications, they might be inherited transgenerationally,
altered by the environment, and can affect all tissues of the
body.30

The use of DNA methylation biomarkers in the clinic is still
limited, and has been hindered by insufficient sensitivity and
specificity. However, there are a number of advantages of using
DNA methylation as a biomarker. For example, DNA methyla-
tion is quite stable over time, since it is covalently attached to
the DNA. In addition, the degree of DNA methylation is inde-
pendent of the amount of starting material, since most methods
used for DNA methylation analysis determine the ratio of
methylated to unmethylated CpG sites.31
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Our inability to replicate 3 of the associations reported
by Chambers et al. 8 could be explained by our modest
sample size and differences in study design. Performing a
power calculation revealed that we would need a larger
sample size to be able to detect the effect size reported by
Chambers et al. In addition, a larger sample size would be
needed to compare the specificity and sensitivity of the
identified DNA methylation biomarkers in blood in com-
parison to clinical and genetic screening.

Conclusion

In this study, we have shown that DNA methylation at 2 CpG
sites in ABCG1 and PHOSPHO1 are associated with future
T2D risk in the Botnia prospective cohort. Furthermore, in
healthy subjects, DNA methylation at both loci in blood DNA
was associated with a number of T2D risk factors, such as BMI,
HbA1c, fasting insulin levels, triglycerides, and HDL levels.
Interestingly, we found that the altered DNA methylation
observed in blood was also found in human target tissues for
T2D: pancreatic islets, liver, adipose tissue, and skeletal muscle.
Our data suggest that DNA methylation biomarkers in blood
might be used as surrogate markers for DNA methylation in
inaccessible target tissues. More importantly, the occurrence of
altered DNA methylation in more than one human tissue at
the same locus could be mediated by so-called ‘metastable epi-
alleles’. The search for T2D-associated DNA methylation bio-
markers is still in its infancy. The few studies conducted to date
have screened less than 2 percent of CpG sites in the human
genome and it is possible that many more DNA methylation
biomarkers will be identified in the coming years. The hope is
that they perform better than existing biomarkers.

Materials and methods

Study subjects

Botnia prospective study
For the prediction of T2D, we selected samples from the Botnia
prospective study. This family-based study includes 2,770
participants from the Botnia region in Finland, who were all
non-diabetic at baseline. Participants were followed prospec-
tively, using repeated oral glucose tolerance tests (OGTTs) to
detect progression toward T2D. The cohort has been previously
described.32 DNA was extracted from whole blood taken at
baseline. In this study, we used DNA from 129 participants
who developed T2D (converters) over a mean follow-up time
of 8.1 § 3.7 years, and 129 participants who did not develop
T2D (controls) over the same follow-up time. The controls
were matched with converters for age and gender at baseline.
Clinical characteristics of study subjects are shown in Table 1.
At baseline, the converters had significantly higher BMI, fasting
glucose levels, fasting insulin levels, HbA1c levels, leukocyte
counts, and lower cholesterol and HDL levels compared with
controls.

Monozygotic twin pairs discordant for T2D
Adipose tissue (14 pairs), skeletal muscle (17 pairs), and blood
cells (19 pairs) from monozygotic twins discordant for T2D

were used in this study. Adipose tissue, skeletal muscle, and
blood from the same individual were available for 9 of the twin
pairs. Clinical characteristics for the 14 twin pairs from whom
adipose tissue was obtained have been previously described,13

and skeletal muscle from some of the twins have been investi-
gated in several studies.15,16,33 Clinical characteristics of the
twin pairs from whom skeletal muscle and blood were obtained
are shown in Table 1. Diabetic twins had significantly higher
BMI, fasting glucose levels, and HbA1c levels compared with
non-diabetic twins.

Human pancreatic islets
In this study, we used human pancreatic islets from 15 T2D
and 34 non-diabetic donors. The clinical characteristics for
these donors have been previously described.14 T2D donors
had higher HbA1c levels and lower levels of glucose-stimulated
insulin secretion.

Human liver
In this study, we used human liver DNA methylation data from
participants of the Kuopio Obesity Surgery Study (KOBS)—35
with T2D and 60 without. The clinical characteristics for these
subjects have been previously described.17 As expected, subjects
with T2D had significantly higher fasting plasma glucose levels
and fasting insulin levels than non-diabetic subjects.

DNA methylation analysis

Pyrosequencing was used to analyze DNA methylation of 5 dif-
ferent CpG sites in ABCG1, PHOSPHO1, SOCS3, SREBF1, and
TXNIP in blood DNA from the Botnia subjects as previously
described.14 Primer sequences used for pyrosequencing are
included in Supplementary Table 1. Genome-wide DNA meth-
ylation analysis of human pancreatic islets, liver and from adi-
pose tissue, skeletal muscle and blood from monozygotic twins
discordant for T2D was performed using the Infinium Human-
Methylation450 BeadChips (Illumina), according to the manu-
facturer’s instructions. The genome-wide DNA methylation
data from human pancreatic islets, liver, adipose tissue, and
skeletal muscle from some of the subjects has been previously
published.13,14,16,17

Gene expression analysis

mRNA expression data of the human pancreatic islets, adipose
tissue and skeletal muscle were analyzed using the GeneChip
Human Gene 1.0 ST array from Affymetrix (Santa Clara, CA,
USA) according to the manufacturer’s recommendations.
mRNA expression from liver from a subset of subjects (19 T2D
and 23 non-diabetic subjects) was analyzed using the
HumanHT-12 Expression BeadChip from Illumina according
to the manufacturer’s recommendations. mRNA expression
data from pancreatic islets, liver, and adipose tissue have previ-
ously been published.13,14,17

Statistics

To test if DNA methylation of the 5 analyzed CpG sites in
ABCG1, PHOSPHO1, SOCS3, SREBF1, and TXNIP was
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associated with future T2D in subjects from the Botnia pro-
spective study we performed logistic regression analysis for
each CpG site using a robust variance estimator in order to
take care of possible dependency within families using STATA
(StataCorp). Covariates included in the logistic regression
model were age, sex, and fasting glucose at baseline. For each
participant, standardized values of each “methylation level”
(expressed in SD units from the mean) were summed to pro-
duce the methylation score; methylation score D ZTXNIP C
ZSREBF1 C ZSOCS3 C ZPHOSPHO1 C ZABCG1, where
ZTXNIP D (TXNIP-mean (TXNIP))/SD (TXNIP) and so on.
For the Botnia cohort, we used Pearson correlations to deter-
mine whether DNA methylation at the 5 CpG sites in blood
was correlated to T2D risk factors, and glucose and lipid phe-
notypes. For discordant twins, we used regression analysis to
correlate expression and methylation, taking twin pair relation-
ship into account. We also used regression analysis to correlate
DNA methylation between tissues from the same individual.
We used a paired Wilcoxon test to compare DNA methylation
and gene expression between monozygotic twins discordant for
T2D. We used a false discovery rate (FDR) analysis to correct
for multiple testing.

Disclosure of potential conflicts of interest

No potential conflicts of interest were disclosed.

Acknowledgments

The Botnia Prospective Study has been financially supported by grants
from the Sigrid Juselius Foundation, Folkh€alsan Research Foundation,
Nordic Center of Excellence in Disease Genetics, Finnish Diabetes
Research Foundation, Finnish Medical Society, Helsinki University Central
Hospital Research Foundation, Perkl�en Foundation, Ollqvist Foundation,
N€arpes Health Care Foundation, and Ahokas Foundation. The study has
also been supported the Health Care Centers in Vasa, N€arpes and
Korsholm. The skillful assistance of the Botnia Study Group is gratefully
acknowledged.

Genome-wide DNA methylation and expression analysis of human
pancreatic islets was performed at the Swegene Center for Integrative Biol-
ogy at Lund University (SCIBLU). Human pancreatic islets were provided
by the Nordic Network for Clinical Islet Transplantation and the Human
Tissue Lab at Lund University Diabetes Center. This work was supported
by grants from the Swedish Research Council, Region Ska

�
ne (ALF), Knut

and Alice Wallenberg Foundation, Novo Nordisk Foundation, EFSD/Lilly
Fellowship, S€oderberg Foundation, The Royal Physiographic Society in
Lund, Sigurd och Elsa Goljes Minne, The Swedish Diabetes foundation,
Pa

�
hlsson Foundation, EXODIAB, Linn�e grant (B31 5631/2006).
For the KOBS study we would like to thank P€aivi Turunen, Tiina

Sistonen and Matti Laitinen for their technical assistance. This study has
been financially supported by grants from the Academy of Finland (Con-
tract no. 120979; 138006; 131593), the Finnish Diabetes Research Founda-
tion, the Finnish Cultural Foundation and the Kuopio University Hospital
EVO and VTR funding. We thank SCIBLU (Swegene Center for Integra-
tive Biology at Lund University) Genomics Facility for help with DNA
methylation and mRNA expression analyses. This work was supported by
grants from the Swedish Research Council, Region Ska

�
ne (ALF), Knut and

Alice Wallenberg Foundation, Novo Nordisk Foundation, EFSD/Lilly Fel-
lowship, S€oderberg Foundation, The Swedish Diabetes foundation,
Pa

�
hlsson Foundation, EXODIAB and a Linn�e grant.
The twin cohort studies were supported by grants from the Swedish

Research Council (Dnr 521-2010-2745 and Dnr 523-2010-1061), the
Swedish Medical Research Council (K2008-55X-15358-04-3), the Danish
Council for Strategic Research, the Danish Council for Independent
Research, a Linnaeus grant (LUDC Dnr 349-2008-6589), and a strategic

research area grant (EXODIAB [Excellence Of Diabetes Research in
Sweden] Dnr 2009–1039), as well as equipment grants from the Knut and
Alice Wallenberg Foundation (2009–0243), the Lundberg Foundation
(grant no. 359), Avtal om L€akarutbildning och Forskning, the Novo Nor-
disk Foundation, the Tore Nilsson Foundation, the Syskonen Svensson
Foundation, the Diabetes Foundation, Kungliga Fysiografiska S€allskapet i
Lund, the European Foundation for the Study of Diabetes/Lilly Founda-
tion, the S€oderberg Foundation, and the Pa

�
hlsson Foundation. The group

of Swedish twins was recruited from the Swedish Twin Registry, which is
supported by grants from the Swedish Department of Higher Education
and the Swedish Research Council. The Center of Inflammation and
Metabolism is supported by a grant from the Danish National Research
Foundation (DNRF55), and the Center for Physical Activity Research is
supported by a grant from TrygFonden.

Author contributions

Study concept and design: Tasnim Dayeh and Charlotte Ling.
Collection and characterization of Botnia prospective study cohorts:

Tiinamaija Tuomi, Leif Groop and Peter Almgren.
Collection of human pancreatic islet cohort/data: Tasnim Dayeh and

Charlotte Ling.
Collection and characterization of the twin adipose tissue, skeletal mus-

cle and blood cohort/data: Allan Vaag, Per-Anders Jansson, Charlotte Ling
and Emma Nilsson

Collection and characterization of the human liver cohort/data: Jussi
Pihlajam€aki, Vanessa D. de Mello, Charlotte Ling and Emma Nilsson.

Generation of experimental data: Tasnim Dayeh, Emma Nilsson.
Analysis of data: Tasnim Dayeh, Peter Almgren, Alexander Perfilyev

and Emma Nilsson
Writing of manuscript: Tasnim Dayeh and Charlotte Ling.
Reading and revision of manuscript: all co-authors.

References

1. Ling C, Groop L. Epigenetics: a molecular link between environmental
factors and type 2 diabetes. Diabetes 2009; 58(12):2718-25;
PMID:19940235; http://dx.doi.org/10.2337/db09-1003

2. Dayeh TA, Olsson AH, Volkov P, Almgren P, R€onn T, Ling C. Identi-
fication of CpG-SNPs associated with type 2 diabetes and differential
DNA methylation in human pancreatic islets. Diabetologia 2013; 56
(5):1036-46; PMID:23462794; http://dx.doi.org/10.1007/s00125-012-
2815-7

3. Olsson AH, Volkov P, Bacos K, Dayeh T, Hall E, Nilsson EA, Ladenvall C,
R€onnT, LingC.Genome-wide associations between genetic and epigenetic
variation influencemRNA expression and insulin secretion in human pan-
creatic islets. PLoS Genet 2014; 10(11):e1004735; PMID:25375650; http://
dx.doi.org/10.1371/journal.pgen.1004735

4. Lyssenko V, Almgren P, Anevski D, Perfekt R, Lahti K, Niss�en M, Iso-
maa B, Forsen B, Homstr€om N, Saloranta C, et al. Predictors of and
longitudinal changes in insulin sensitivity and secretion preceding
onset of type 2 diabetes. Diabetes 2005; 54(1):166-74;
PMID:15616025; http://dx.doi.org/10.2337/diabetes.54.1.166

5. Lyssenko, V, Jonsson A, Almgren P, Pulizzi N, Isomaa B, Tuomi T,
Berglund G, Altshuler D, Nilsson P, Groop L. Clinical risk factors,
DNA variants, and the development of type 2 diabetes. N Engl J Med
2008; 359(21):2220-32; PMID:19020324; http://dx.doi.org/10.1056/
NEJMoa0801869

6. McCarthy MI. Genomics, type 2 diabetes, and obesity. N Engl J Med
2010; 363(24):2339-50; PMID:21142536; http://dx.doi.org/10.1056/
NEJMra0906948

7. Pfeiffer L, Wahl S, Pilling LC, Reischl E, Sandling JK, Kunze S, Holdt
LM, Kretschmer A, Schramm K, Adamski J, et al. DNA methylation
of lipid-related genes affects blood lipid levels. Circ Cardiovasc Genet
2015; 8(2):334-42; PMID:25583993; http://dx.doi.org/10.1161/
CIRCGENETICS.114.000804

8. Chambers JC, Loh M, Lehne B, Drong A, Kriebel J, Motta V, Wahl S,
Elliott HR, Rota F, Scott WR, et al. Epigenome-wide association of
DNA methylation markers in peripheral blood from Indian Asians

EPIGENETICS 487

http://dx.doi.org/10.2337/db09-1003
http://dx.doi.org/10.1007/s00125-012-2815-7
http://dx.doi.org/10.1007/s00125-012-2815-7
http://dx.doi.org/25375650
http://dx.doi.org/10.1371/journal.pgen.1004735
http://dx.doi.org/10.2337/diabetes.54.1.166
http://dx.doi.org/10.1056/NEJMoa0801869
http://dx.doi.org/10.1056/NEJMoa0801869
http://dx.doi.org/10.1056/NEJMra0906948
http://dx.doi.org/10.1056/NEJMra0906948
http://dx.doi.org/10.1161/CIRCGENETICS.114.000804
http://dx.doi.org/10.1161/CIRCGENETICS.114.000804


and Europeans with incident type 2 diabetes: a nested case-control
study. Lancet Diabetes Endocrinol 2015; 3:526-34; PMID:26095709

9. Kulkarni H, Kos MZ, Neary J, Dyer TD, Kent JW Jr, G€oring HH, Cole
SA, Comuzzie AG, Almasy L, Mahaney MC, et al. Novel epigenetic
determinants of type 2 diabetes in Mexican-American families. Hum
Mol Genet 2015; 24(18):5330-44; PMID:26101197; http://dx.doi.org/
10.1093/hmg/ddv232

10. Knowler WC, Barrett-Connor E, Fowler SE, Hamman RF, Lachin JM,
Walker EA, Nathan DM, Diabetes Prevention Program Research
Group. Reduction in the incidence of type 2 diabetes with lifestyle
intervention or metformin. N Engl J Med 2002; 346(6):393-403;
PMID:11832527; http://dx.doi.org/10.1056/NEJMoa012512

11. Tuomilehto J, Lindstr€om J, Eriksson JG, Valle TT, H€am€al€ainen H,
Ilanne-Parikka P, Kein€anen-Kiukaanniemi S, Laakso M, Louheranta
A, Rastas M, et al. Prevention of type 2 diabetes mellitus by changes in
lifestyle among subjects with impaired glucose tolerance. N Engl J
Med 2001; 344(18):1343-50; PMID:11333990; http://dx.doi.org/
10.1056/NEJM200105033441801

12. Lyssenko V, Laakso M. Genetic screening for the risk of type 2 diabe-
tes: worthless or valuable? Diabetes Care 2013; 36(Suppl 2):S120-6;
PMID:23882036; http://dx.doi.org/10.2337/dcS13-2009

13. Nilsson E, Jansson PA, Perfilyev A, Volkov P, Pedersen M, Svensson
MK, Poulsen P, Ribel-Madsen R, Pedersen NL, Almgren P, et al.
Altered DNA methylation and differential expression of genes influ-
encing metabolism and inflammation in adipose tissue from subjects
with type 2 diabetes. Diabetes 2014; 63(9):2962-76; PMID:24812430;
http://dx.doi.org/10.2337/db13-1459

14. Dayeh T, Volkov P, Sal€o S, Hall E, Nilsson E, Olsson AH, Kirkpatrick CL,
Wollheim CB, Eliasson L, R€onn T1, et al. Genome-wide DNAmethylation
analysis of human pancreatic islets from type 2 diabetic and non-diabetic
donors identifies candidate genes that influence insulin secretion. PLoS
Genet 2014; 10(3):e1004160; PMID:24603685; http://dx.doi.org/10.1371/
journal.pgen.1004160

15. Ribel-Madsen R, Fraga MF, Jacobsen S, Bork-Jensen J, Lara E, Calva-
nese V, Fernandez AF, Friedrichsen M, Vind BF, Højlund K, et al.
Genome-wide analysis of DNA methylation differences in muscle and
fat from monozygotic twins discordant for type 2 diabetes. PLoS One
2012; 7(12):e51302; PMID:23251491; http://dx.doi.org/10.1371/
journal.pone.0051302

16. Nitert MD, Dayeh T, Volkov P, Elgzyri T, Hall E, Nilsson E, Yang BT,
Lang S, Parikh H, Wessman Y, et al. Impact of an exercise interven-
tion on DNA methylation in skeletal muscle from first-degree relatives
of patients with type 2 diabetes. Diabetes 2012; 61(12):3322-32;
PMID:23028138; http://dx.doi.org/10.2337/db11-1653

17. Nilsson E, Matte A, Perfilyev A, de Mello VD, K€akel€a P, Pihlajam€aki J,
Ling C. Epigenetic alterations in human liver from subjects with type
2 diabetes in parallel with reduced folate levels. J Clin Endocrinol
Metab. 2015 November; 100(11):E1491 -E1501; http://dx.doi.org/
10.1210/jc.2015-3204.

18. Matsuo M. ATP-binding cassette proteins involved in glucose and
lipid homeostasis. Biosci Biotechnol Biochem 2010; 74(5):899-907;
PMID:20460728; http://dx.doi.org/10.1271/bbb.90921

19. Kruit JK, Wijesekara N, Westwell-Roper C, Vanmierlo T, de Haan W,
Bhattacharjee A, Tang R, Wellington CL, L€utJohann D, Johnson JD,
et al. Loss of both ABCA1 and ABCG1 results in increased disturban-
ces in islet sterol homeostasis, inflammation, and impaired beta-cell
function. Diabetes 2012; 61(3):659-64; PMID:22315310; http://dx.doi.
org/10.2337/db11-1341

20. Hidalgo B, Irvin MR, Sha J, Zhi D, Aslibekyan S, Absher D, Tiwari HK,
Kabagambe EK, Ordovas JM, Arnett DK. Epigenome-wide association

study of fasting measures of glucose, insulin, and HOMA-IR in the Genet-
ics of Lipid Lowering Drugs and Diet Network study. Diabetes 2014; 63
(2):801-7; PMID:24170695; http://dx.doi.org/10.2337/db13-1100

21. Ding J, Reynolds LM, Zeller T, M€uller C, Lohman K, Nicklas BJ, Kritchev-
sky SB, Huang Z, de la Fuente A, Soranzo N, et al. Alterations of a cellular
cholesterol metabolism network are a molecular feature of obesity-related
type 2 diabetes and cardiovascular disease. Diabetes 2015; 64(10):3464-74;
PMID:26153245; http://dx.doi.org/10.2337/db14-1314

22. Fadista J, Vikman P, Laakso EO, Mollet IG, Esguerra JL, Taneera J, Storm
P, Osmark P, Ladenvall C, Prasad RB, et al. Global genomic and transcrip-
tomic analysis of human pancreatic islets reveals novel genes influencing
glucose metabolism. Proc Natl Acad Sci U S A 2014; 111(38):13924-9;
PMID:25201977; http://dx.doi.org/10.1073/pnas.1402665111

23. Serre D, Gurd S, Ge B, Sladek R, Sinnett D, Harmsen E, Bibikova M,
Chudin E, Barker DL, Dickinson T, et al. Differential allelic expression
in the human genome: a robust approach to identify genetic and epi-
genetic cis-acting mechanisms regulating gene expression. PLoS Genet
2008; 4(2):e1000006; PMID:18454203; http://dx.doi.org/10.1371/
journal.pgen.1000006

24. Schou J, Tybjærg-HansenA,Møller HJ, Nordestgaard BG, Frikke-Schmidt
R. ABC transporter genes and risk of type 2 diabetes: a study of 40,000 indi-
viduals from the general population. Diabetes Care 2012; 35(12):2600-6;
PMID:NOT_FOUND; http://dx.doi.org/10.2337/dc12-0082

25. Millan JL. The role of phosphatases in the initiation of skeletal miner-
alization. Calcif Tissue Int 2013; 93(4):299-306; PMID:23183786;
http://dx.doi.org/10.1007/s00223-012-9672-8

26. Bobryshev YV, Orekhov AN, Sobenin I, Chistiakov DA. Role of bone-type
tissue-nonspecific alkaline phosphatase and PHOSPO1 in vascular calcifi-
cation. Curr Pharm Des 2014; 20(37):5821-8; PMID:24533943; http://dx.
doi.org/10.2174/1381612820666140212193011

27. Houston B, Stewart AJ, Farquharson C. PHOSPHO1-A novel phos-
phatase specifically expressed at sites of mineralisation in bone and
cartilage. Bone 2004; 34(4):629-37; PMID:15050893; http://dx.doi.org/
10.1016/j.bone.2003.12.023

28. Vattikuti R, Towler DA. Osteogenic regulation of vascular calcification: an
early perspective. Am J Physiol Endocrinol Metab 2004; 286(5):E686-96;
PMID:15102615; http://dx.doi.org/10.1152/ajpendo.00552.2003

29. Ronn T, Volkov P, Gillberg L, Kokosar M, Perfilyev A, Jacobsen AL,
Jørgensen SW, Brøns C, Jansson PA, Eriksson KF, et al. Impact of age,
BMI and HbA1c levels on the genome-wide DNA methylation and
mRNA expression patterns in human adipose tissue and identification
of epigenetic biomarkers in blood. Hum Mol Genet 2015; 24
(13):3792-813; PMID:25861810

30. Bernal AJ, Jirtle RL. Epigenomic disruption: the effects of early devel-
opmental exposures. Birth Defects Res A Clin Mol Teratol 2010; 88
(10):938-44; PMID:20568270; http://dx.doi.org/10.1002/bdra.20685

31. HowKit A,NielsenHM,Tost J. DNAmethylation based biomarkers: prac-
tical considerations and applications. Biochimie 2012; 94(11):2314-37;
PMID:22847185; http://dx.doi.org/10.1016/j.biochi.2012.07.014

32. Groop L, Forsblom C, Lehtovirta M, Tuomi T, Karanko S, Niss�en M,
Ehrnstr€om BO, Fors�en B, Isomaa B, Snickars B, et al. Metabolic conse-
quences of a family history of NIDDM (the Botnia study): evidence for
sex-specific parental effects. Diabetes 1996; 45(11):1585-93;
PMID:8866565; http://dx.doi.org/10.2337/diab.45.11.1585

33. Bork-Jensen J, Scheele C, Christophersen DV, Nilsson E, Friedrichsen
M, Fernandez-Twinn DS, Grunnet LG, Litman T, Holmstrøm K,
Vind B, et al. Glucose tolerance is associated with differential expres-
sion of microRNAs in skeletal muscle: results from studies of twins
with and without type 2 diabetes. Diabetologia 2015; 58(2):363-73;
PMID:25403480; http://dx.doi.org/10.1007/s00125-014-3434-2

488 T. DAYEH ET AL.

http://dx.doi.org/26095709
http://dx.doi.org/26101197
http://dx.doi.org/10.1093/hmg/ddv232
http://dx.doi.org/10.1056/NEJMoa012512
http://dx.doi.org/11333990
http://dx.doi.org/10.1056/NEJM200105033441801
http://dx.doi.org/10.2337/dcS13-2009
http://dx.doi.org/24812430
http://dx.doi.org/10.2337/db13-1459
http://dx.doi.org/10.1371/journal.pgen.1004160
http://dx.doi.org/10.1371/journal.pgen.1004160
http://dx.doi.org/10.1371/journal.pone.0051302
http://dx.doi.org/10.1371/journal.pone.0051302
http://dx.doi.org/10.2337/db11-1653
http://dx.doi.org/10.1271/bbb.90921
http://dx.doi.org/22315310
http://dx.doi.org/10.2337/db11-1341
http://dx.doi.org/10.2337/db13-1100
http://dx.doi.org/10.2337/db14-1314
http://dx.doi.org/10.1073/pnas.1402665111
http://dx.doi.org/10.1371/journal.pgen.1000006
http://dx.doi.org/10.1371/journal.pgen.1000006
http://dx.doi.org/10.2337/dc12-0082
http://dx.doi.org/23183786
http://dx.doi.org/10.1007/s00223-012-9672-8
http://dx.doi.org/24533943
http://dx.doi.org/10.2174/1381612820666140212193011
http://dx.doi.org/15050893
http://dx.doi.org/10.1016/j.bone.2003.12.023
http://dx.doi.org/10.1152/ajpendo.00552.2003
http://dx.doi.org/25861810
http://dx.doi.org/10.1002/bdra.20685
http://dx.doi.org/10.1016/j.biochi.2012.07.014
http://dx.doi.org/10.2337/diab.45.11.1585
http://dx.doi.org/10.1007/s00125-014-3434-2

	Abstract
	Introduction
	Results
	Prediction of T2D using DNA methylation loci in blood DNA
	Correlations between DNA methylation in blood DNA and T2D risk factors
	Epigenetic dysregulation of DNA methylation in target tissues for T2D
	Correlations between DNA methylation and gene expression in human tissues
	Correlation between DNA methylation in blood with methylation in adipose tissue and skeletal muscle from the same subject

	Discussion
	Conclusion
	Materials and methods
	Study subjects
	Botnia prospective study
	Monozygotic twin pairs discordant for T2D
	Human pancreatic islets
	Human liver

	DNA methylation analysis
	Gene expression analysis
	Statistics

	Disclosure of potential conflicts of interest
	Acknowledgments
	Author contributions
	References

