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Abstract

Background: Type 2 diabetes (T2D) results from a complex interplay between genetics and
the environment. Several epigenome-wide association studies (EWAS) have found DNA
methylation loci associated with T2D in European populations. However, data from African
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populations are lacking. We undertook the first EWAS for T2D among sub-Saharan Africans,
aiming at identifying ubiquitous and novel DNA methylation loci associated with T2D.
Methods: The lllumina 450k DNA-methylation array was used on whole blood samples
of 713 Ghanaian participants (256 with T2D, 457 controls) from the cross-sectional
Research on Obesity and Diabetes among African Migrants (RODAM) study.
Differentially methylated positions (DMPs) for T2D and HbA1c were identified through
linear regression analysis adjusted for age, sex, estimated cell counts, hybridization
batch, array position and body mass index (BMI). We also did a candidate analysis of pre-
viously reported EWAS loci for T2D in non-African populations, identified through a sys-
tematic literature search.

Results: Four DMPs [cg19693031 (TXNIP), cg04816311 (C70rf50), cg00574958 (CPT1A),
cg07988171 (TPM4)] were associated with T2D after correction for inflation by possible
systematic biases. The most strongly associated DMP—cg19693031, TXNIP (P=2.6E-19)
—showed hypomethylation in T2D cases compared with controls. Two out of the four
DMPs [cg19693031 (TXNIP), cg04816311 (C70rf50)] remained associated with T2D after
adjustment for BMI, and one locus [cg07988171 (TPM4)] that has not been reported
previously.

Conclusions: In this first EWAS for T2D in sub-Saharan Africans, we have identified four
DMPs at epigenome-wide level, one of which is novel. These findings provide insight

into the epigenetic loci that underlie the burden of T2D in sub-Saharan Africans.
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Key Messages

populations, indicating that these are ubiquitous.

diabetes.

¢ This is the first epigenome-wide study on type 2 diabetes in sub-Saharan Africans.
* A novel DNA methylation locus was associated with type 2 diabetes in a sample of Ghanaians.
* The three DNA methylation loci most strongly associated with type 2 diabetes were also previously reported for other

* The four epigenetic loci that were genome-wide associated with type 2 diabetes explained 25% of variance in type 2

Background

Type 2 diabetes (T2D) is estimated to affect 415 million
adults worldwide, contributing greatly to mortality and
health care costs.' It is a complex multifactorial disease,
meaning that many genetic loci as well as environmental
factors play a role.”> The explained heritability of T2D is
5-10%," of an estimated overall heritability of about 10-
20%," suggesting that additional genetic factors remain to
be identified and that gene-environment interactions may
contribute to the onset of T2D.’

Epigenetics is the study of mitotically heritable yet revers-
ible molecular modifications to the DNA without altering
the DNA sequence.® Epigenetic processes play a role in
organism development, cell differentiation and genome

stability. Furthermore, epigenetics is considered a means of
interaction between genes and environment, and one of its
main read-outs, DNA methylation, has been previously asso-
ciated with T2D in European populations.”® Additionally, a
great variety of health-related behaviours, such as diet and
physical activity, can affect DNA methylation even in a short
time span.”'® T2D is frequently accompanied by health-re-
lated behaviours such as reduced physical activity and un-
healthy diet."' These health-related behaviours may affect
T2D risk through epigenetics.'>

The prevalence of T2D in sub-Saharan Africa is increasing
rapidly, and the International Diabetes Federation estimates
that the number of people with T2D in the African region
may rise from 14.2 million to 34.2 million in 2040." In
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addition, sub-Saharan African migrants in Europe are about
three times more likely to have T2D compared with
European populations.'? This increasing T2D burden in sub-
Saharan Africa, as well as among migrants, likely reflects in-
creasing obesity rates, diet changes and a reduction in physi-
cal activity."* Environmental risk factors may be mediated
(at least partially) through changes in DNA methylation.
Previous epigenome-wide association studies (EWAS) found
DNA methylation at multiple loci associated with T2D in
blood,”® pancreatic,'® adipose,'® liver'” and muscle tissue'®
from European populations. However, similar data on any
tissue from sub-Saharan African populations are lacking.
Sub-Saharan Africans are characterized by wide genetic vari-
ation, as well as marked differences in genetic variation and
linkage disequilibrium, when compared with populations
from other continents. The differences in the genetics of sub-
Saharan African populations compared with Europeans, as
well as differences in environmental exposures and health
behaviours, could influence epigenetic loci associated with
traits and disorders in sub-Saharan Africans.

In the present study, we conducted an EWAS for T2D
in sub-Saharan Africans, aiming at identifying DNA
methylation loci in blood associated with T2D using an
epigenome-wide association study. Second, we aimed at
identifying loci shared between populations of different
ancestry (i.e. ubiquitous variants), as well as loci that have
not been previously reported in other populations and are
therefore potentially unique to sub-Saharan Africans.

Methods

Study population

This study is part of the Research on Obesity and Diabetes
among African Migrants (RODAM) study. Details of the
design and data collection of the RODAM study are described
elsewhere.'”?” In brief, the RODAM study collected samples
and data between 2012 and 2015 on 6385 Ghanaians resident
in five geographical locations. An individual was considered
Ghanaian when born in Ghana and at least one of the parents
was born in Ghana, or when both parents were born in
Ghana. Ethical approval was obtained from the ethical com-
mittees of the institutions involved in Ghana, The Netherlands,
Germany and the UK. Written informed consent was obtained
from all study participants. The EWAS was performed using a
subset of 736 participants (265 T2D cases, 471 controls) of
the RODAM cohort, of which 713 samples (256 T2D cases,
457 controls) passed quality control (see below). All T2D cases
not on glucose-lowering medication were selected with a group
of T2D controls on an approximate 1:2 ratio, respectively,
which is generally accepted to favour statistical power. The fi-
nal sample size had over 80% power to detect a 6% difference

in methylation between T2D cases and controls with
epigenome-wide significance, and over 99% power to detect a
10% difference in methylation between cases and controls.”!

Phenotypic measurements

Information on demographics and self-reported T2D were
collected by self- or interviewer-administered questionnaire.
Self-reported T2D comprised an affirmative response to
the question ‘Have you ever been diagnosed with diabetes
by a doctor or health care worker?’ Participants were phys-
ically examined; height (SECA 217 stadiometer) and
weight (SECA 877 scale) were assessed in light clothing,
and body mass index (BMI) was calculated (kg/m?).
Participants were instructed to fast from 10 pm on the eve-
ning before the physical examination. Fasting venous
blood samples were collected, and fasting glucose in mmol/
| was measured by the ABX PENTRA 400 and HbAlc in
mmol/mol by high-performance liquid chromatography
(TOSOH G8 HPLC analyser). T2D was defined according
to self-reported diabetes and/or fasting glucose >7.0 ul/l.
In a sensitivity analysis, we additionally applied an HbAlc
cut-off of >6.5% (48ul/mol) to the T2D definition
(Supplementary Material 1, available as Supplementary
data at IJE online).

DNA methylation profiling and processing

DNA
performed on whole-blood samples by Source BioScience,
Nottingham, UK. Bisulphite DNA treatment was achieved
using the Zymo EZ DNA Methylation™ kit, and the qual-
ity of the conversion was determined by high-resolution

extraction and methylation profiling were

melting analyses.”” The converted DNA was amplified and
hybridized on the Illumina Human Methylation 450K
array, which measures DNA methylation levels of approxi-
mately 485 000 CpG sites. The samples were randomly
divided over nine bisulphite conversion and hybridization
batches. The quality control procedures are described in
detail
Supplementary data at IJE online. After quality control a

in  Supplementary Material 2, available as

sample size of 713 remained for the current analyses.

Statistical analysis

Differentially methylated positions (DMPs)

Linear association analyses were performed in ‘R’ using
the ImFit function from the Limma package to identify
DMPs. DNA methylation levels were the dependent vari-
able in all analyses. Age, sex, estimated cell counts and
technical effects (hybridization batch and array position)
were included as covariates both for the epigenome-wide
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approach and for the candidate approach. Candidate loci
were selected from the literature as described below.
Correlation of the included covariates with DNA methyla-
tion is shown in Supplementary Material 2, Figures 2
and 3, available as Supplementary data at IJE online. Plate
position was additionally added as covariate as identified
in principal component analysis (Supplementary Material
2, Figure 4, available as Supplementary data at IJE online).

Since obesity is a major risk factor for T2D, methyla-
tion differences between T2D cases could be confounded
by BMI. We therefore added BMI in a secondary model, to
identify DMPs associated with T2D independent of BMI.
In order to address possible inflation of our test statistics
by systematic biases, we applied the recently reported
EWAS method by van Iterson et al.,>® using the BACON
package (version 1.4.0) in ‘R’ software. This package
includes a Bayesian method that controls biases based on
estimation of the empirical null distribution. Model fitting
was evaluated using Q-Q plots (Figure la—d) . The lamb-
das for the T2D and HbAlc DMP analyses without and
with adjustment for BMI reduced from 1.19, 1.31, 1.40
and 1.51 before implementation of the BACON package,
to 1.04, 1.10, 1.10 and 1.14 after, respectively. Betas of
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DMPs identified were subsequently included as indepen-
dent variables in logistic regression models to assess the as-
sociation of 1% increase in DNA methylation of respective
DMPs with T2D. The Nagelkerke’s R squared statistic
from the logistic regression models with and without cova-
riates was used to calculate trait variance explained by a
locus. The results of the logistic regression analysis were
presented as odds ratios with corresponding 95% confi-
dence intervals (CI) and P-values.

To confirm our results from the binary T2D analyses,
we additionally performed association analyses with the
continuous measure of HbAlc in pl/mol as the dependent
variable on a subset of 675 samples for which HbAlc
measurements were available. HbAlc levels reflect a mean
blood glucose over a period of 8-12weeks”® and are
therefore often used to get an impression of long-term
glucose control in both T2D cases and healthy individuals.
The same covariates as in the T2D analysis were selected.

For all DMP analyses, M-values were calculated as the
log, ratio of the intensities of methylated probes versus
unmethylated probes. Identification of DMPs was based
on M-values instead of beta-values, as M-values are more
statistically valid.”> Corresponding beta-values were
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Figure 1. (a) Q-Q plot of EWAS P-values for DMP analyses on type 2 diabetes unadjusted for BMI after BACON correction. Lambda = 1.04. (b) Q-Q plot
of EWAS P-values for DMP analyses on type 2 diabetes adjusted for BMI after BACON correction. Lambda = 1.10. (c) Q-Q plot of EWAS P-values for
DMP analyses on HbA1c unadjusted for BMI after BACON correction. Lambda = 1.10. (d) Q-Q plot of EWAS P-values for DMP analyses on HbA1c ad-

justed for BMI after BACON correction. Lambda = 1.14.
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Figure 2. Scatterplot of HbA1c and percentage methylation for differentially methylation position cg19693031 on gene TXNIP by sample. Black dot =
T2D control, grey square = T2D case, line = fitted values, grey-shaded area = 95% CI.
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Figure 3. Differentially methylated region located near gene GDF7 associated with type 2 diabetes. A = chromosome, B = reference gene, C = posi-
tion, D = conservation species track, E = betas 450k DNA methylation + 95% confidence intervals. Blue = diabetes cases, red = diabetes controls.
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Figure 4. Venn diagram of overlapping genes. Gene names are genes on
which identified differentially methylated positions were located in epige-
nome-wide analyses and in analyses on differentially methylated posi-
tions previously reported in other populations (candidate approach).

reported to facilitate biological interpretation.”> False
discovery rate (FDR) adjusted P-values corresponding to
M-values were used to adjust for multiple testing. FDR was
calculated according to the Benjamini-Hochberg procedure.

Differentially methylated regions

To identify differentially methylated regions (DMRs), we fit-
ted models similar to DMP analysis using the bumphunter
function in the Minfi package.”® We calculated the DMRs
with the methylation cut-off of 0.015 (corresponding to 1.5%
difference in beta -alues) for T2D and 0.00025 for the contin-
uous measure of HbAlc (corresponding to a 0.025 increase in
beta-values per 1-unit increase in HbA1lc) using bootstrapping
with 500 permutations. In these analyses, beta-values were
used instead of M-values as the bumphunter function cur-
rently does not yet support use of M-values. The DMR meth-
ylation cut-off was optimized based on observed effect sizes
and significance levels in a volcano plot. We defined a DMR
as three or more CpG sites in one cluster. Multiple testing ad-
justment was performed using family-wise error rate (FWER).
We filtered CpG sites with FWER <0.2. Additional
DMREs identified with less stringent thresholds are reported in
Supplementary Material 3, available as Supplementary data
at IJE online. Regulation and expression tracks (ENCODE
RNA-seq track, ENCODE integrated regulation track and
100 Vertebrate Conservation track) were evaluated for the
identified DMRs, using the University of California Santa
Cruz (UCSC) human genome browser.””*® In order to assess
the odds for T2D per 1% increase in DNA methylation of re-
spective DMRs, the average betas for each of the CpGs in a
DMR were included in logistic regression models.

Candidate approach of loci reported in non-African
populations

Previously reported DMPs and DMRs for T2D were iden-
tified through a systematic literature search in PUBMED
(Supplementary Material 4, available as Supplementary
data at IJE online) to use as candidate loci. Multiple testing
thresholds using the FDR method were re-calculated for
these candidate CpGs (7 =2876) due to the lower number
of CpGs included. Only one previous EWAS found
through the literature search-reported DMRs. Overlap
with DMRs identified through bumphunter was studied.

Additional post-hoc analyses

We performed additional posthoc analyses on identified
DMPs of both T2D and HbAlc¢ analyses, including path-
way enrichment analyses, evaluation of regulatory regions,
evaluation of genetic interaction and gene expression using
public databases, and evaluation of methylation levels
across recruitment sites. A detailed description of methods
for these post hoc analyses and their results can be found
in Supplementary Material 3, available as Supplementary
data at IJE online.

Results

Participant characteristics

Out of the 713 samples included in the analysis, 256 were
T2D cases and 457 werecontrols (Table 1). Cases and con-
trols were similar in age, gender distribution and sites of
data collection. As expected, fasting glucose, HbAlc, BMI
and positive family history of T2D were higher in cases
than in controls (Table 1). Half of the T2D cases were un-
aware of their T2D status at the time of examination; the
majority of unaware cases resided in Ghana. Among those
aware, the average time since diagnosis was 2.4 years.
Smoking and alcohol consumption were both low in our
study population, with in total only 16 smokers. Both these
lifestyle factors were similar between T2D cases and con-
trols. The estimated distribution of cell types inferred from
the methylation profile was similar between T2D cases and
controls, except for CD4T cell count which was slightly
lower in T2D cases (mean 17.3, 95% CI 16.6, 17.9) com-
pared with controls (mean 18.6, 95% CI 18.0, 19.1).

Differentially methylated positions

Six CpG sites (cg19693031, cg04816311, cg00574958,
cg03078690, cg07988171, cg07477137) were associated
with T2D (FDR <0.05) (Table 2). Implementation of the
method to correct for systematic biases resulted in two of
these methylated (DMPs)

differentially positions
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Table 1. Characteristics of type 2 diabetes (T2D) cases and controls?®

T2D cases T2D controls Rural Ghana Urban Ghana Europe (n=366)
(n=256) (n=457) (n=104) (n=243)

Age (years) 51.9(50.6,53.2)  50.7(49.8,51.5)  56.2(54.4,57.9)  50.7(49.5,51.9)  49.9 (48.8, 50.9)
Sex (% male) 46.5 40.4 30.8 29.6 54.6
Geographical location (%)

Rural Ghana 16.4 13.6 NA NA NA

Urban Ghana 34.4 33.9 NA NA NA

Europe 49.2 52.5 NA NA NA
BMI (kg/mz) 27 8(27.1,28.4) 26 6(26.0,27.1) 22. 9 (22.0,23.7) 26 2(25.5,27.0) 28 7(28.2,29.2)
Fasting glucose (mmol/L)P 1(8.5,9.6) 0(4.9,5.0) 7(5.9,7.5) 3(6.7,7.8) 8(5.6,6.0)
HbAlc (%)P 7(9.0,10.1) 5(5.4,5.5) 7(5.2,6.1) 7(6.3,7.0) 1(6.0,6.2)
HbA1lc (mmol/mol)b 60 3(56.8,63.7) 36.3 (35.4,37.1) 38.3 (33.6,42.9) 49 3(45.9,52.7) 43.2 (41.6,44.8)
HOMA-IR? 2.74 (3.5) 1.18 (1.04) 1.17 (1.52) 1.69 (2.30) 1.40 (1.69)
HOMA-beta® 38.9(56.8) 74.3 (72.2) 50.1(59.4) 54.6 (77.7) 67.4 (65.0)
Immediate family with diabetes (%) 37.7(31.8,43.9)  17.1(13.9,20.9)  17.8 (11.5,26.6)  29.0 (23.6,35.1)  23.2(19.1,27.9)
Newly detected T2D (%) 47.8 (41.5, 54.1) NA 22.1(15.1,31.2)  19.8(15.2,25.3) 12 6(9.5,16.4)
Years since diagnosis (years) 2.4 (1.8, 3.0) NA 6(0.5,4.6)° 2.0 (1.3,2.8)° 6(1.7,3.5)°
Current smokers (%) 2.0 (0.8, 4.8) 2.4(1.4,4.4) 0 (NA) 0.4 (0.0,2.9) 2(2.5,6.8)
Average alcohol intake (units/week)® 1.2 (0.8, 1.6) 1.5 (0.9, 2.1) 1.2(0.1,2.4) 0.4 (0.2,0.6) 1(1.3,2.9)
Estimated cell counts (%)¢

CD8+ T cells 10.7 (10.1, 11.3) 11.0 (10.6, 11.5) 12.0 (11.1, 13.0) 11.9 (11.3,12.4) 9(9.5,10.4)

CD4+ T cells 17.3 (16.6,17.9) 18.6 (18.0, 19.1) 17.5 (16.5,18.7) 18.0 (17.2,18.7) 184(17.8, 18.9)

Natural killer cells 10.7 (10.0, 11.3) 10.8 (10.3,11.3) 13.1(11.9, 14.3) 11.3 (10.6, 12.0) 7(9.2,10.2)

B cells 106(10.2,11.1) 106(10.3, 10.9) 11. 5(107 12.2) 11. 0(10.6,11.4) 10 1(9.8,10.4)

Monocytes 0(7.8,8.3) 2(7.9,8.4) 2(7.7,8.6) 2(7.9,8.5) 0(7.7,8.2)

Granulocytes 46 5(45.4,47.6) 44 6 (43.8,45.5) 42 0 (40.0, 44.0) 43 5(42.4,44.6) 47 4 (46.6,48.4)

“Numbers are in means or percentages with corresponding 95% confidence intervals; NA, not applicable.
PNumber of missing results: fasting glucose = 7, HbAlc = 38, HOMA-IR = 6, HOMA-beta = 6. Glycaemic measures were higher in Ghana than in Europe

due to exclusion of T2D cases on medication, the proportion of which was higher in Europe.
“Years since diagnosed among T2D cases.

dAlcohol consumption in units/week, with 500 ml of beer, 250 ml of wine or 80 ml of spirits counted as 1 unit of alcohol.

¢Cell counts were estimated used the method from Houseman et al.>’

Table 2. Differentially methylated positions associated with type 2 diabetes (T2D) with and without adjustment for body mass in-

dex (BMI)
Base model Adjusted for BMI
CpG CHR  Position  Gene® Feature® Delta P-value?  FDRY BACON  P-value FDR BACON
B-value FDR® FDR®

cg19693031 1 145441552 TXNIP 3UTR  —0.0408 7.35E-18 3.15E-12 3.62E-12 2.45E-17 1.05E-11 8.28E-10
cg04816311 7 1066650  C70rf50 Body 0.0198 1.96E-09 4.21E-04 2.03E-03 1.99E-09 4.28E-04 1.22E-02
cg00574958 11 68607622 CPT1A SUTR  —0.0159 9.26E-08 1.32E-02 1.84E-02 3.09E-06 1.66E-01 8.00E-01
cg07988171 19 16199419 TPM4 Body —0.0176 3.44E-07 3.69E-02 4.98E-02 2.73E-06 3.68E-02 2.47E-01
cg07477137 11 65083332 CDC42EP2 5’UTR 0.0044 6.36E-07 4.64E-02 1.66E-01 5.86E-07 6.29E-02 7.62E-01
cg03078690 6 33235504  VPS52 Body 0.0089 6.48E-07 4.64E-02 1.66E-01 6.05E-06 1.96E-01 9.56E-01

2CpGs are located in the gene if no distance is indicated (genome build Hg19).

"Based on manifest feature annotation Illumina.

“Beta coefficients were computed from methylation beta-values. Negative beta-values indicate lower DNA methylation (hypomethylation) in cases compared
with controls.

dP-values and FDRs corresponding to M-values.

°FDRs corresponding to M-values for the models corrected for inflation by possible systematic biases using the BACON method. Results are sorted on P-values
for the BACON-adjusted base model.

CHR, Chromosome.
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(cg07988171, cg07477137) no longer passing the threshold
for genome-wide significance (FDR = 0.16), but they
remained in the top six DMPs. The difference in methyla-
tion between cases and controls was most pronounced for
cg19693031 (4.1% less methylated in cases); it is annotated
to the TXNIP gene (FDR = 3.15E-12) on chromosome 1 in
a 3’UTR open sea region. Three out of six DMPs, annotated
to genes TXNIP, C70rf50 and TPM4, remained associated
with T2D after adjustment for BMI (Table 2). The DMPs
annotated to TXNIP and TPM4 were hypomethylated in
T2D cases, whereas the DMP annotated to C70rf50 was
hypermethylated. The odds for T2D were highest for the

DMP annotated to CDC42EP2 [odds ratio (OR) 1.48, 95%
CI 1.27, 1.74] (Table 3). The explained variance in T2D
was largest for the DMP annotated to TXNIP (14.6%). The
combined six DMPs explained 24.6% of variance in T2D.

In the inflation-adjusted models, we found eight DMPs
associated with the continuous measure HbA1c unadjusted
for BMI and six after adjustment for BMI (FDR <0.05)
(Table 4). The DMP with the lowest FDR in association
with HbA1c levels (BACON FDR = 3.71 x 10733) was the
same as in T2D analysis (cg19693031—TXNIP). A 0.1pl/
mol (2.2%) increase in HbAlc¢ was associated with 0.15%
less methylation of cg19693031 (Figure 2).

Table 3. Odds ratios for type 2 diabetes differentially methylated positions (DMPs) and differentially methylation regions (DMRs)

Base model Adjusted for BMI Trait variance

explained
CpG CHR Position Gene® Feature® ORY 95% CI P-value ORY 95% CI P-value %
cg19693031 1 145441552  TXNIP 3UTR  0.87 0.84,0.90 <0.001 0.87 0.84,0.90 <0.001 14.6
cg04816311 7 1066650 C70rf50 Body 1.09 1.06,1.12 <0.001 1.09 1.06,1.12  <0.001 6.6
cg00574958 11 68607 622 CPT1A SUTR  0.86 0.81,0.91 <0.001 0.87 0.82,0.92  <0.001 4.7
cg07988171 19 16199 419 TPM4 Body 0.89 0.85,0.93 <0.001 0.89 0.85,0.93 <0.001 4.6
cg07477137 11 65083332 CDC42EP2 $UTR  1.48 1.27,1.74 <0.001 1.51 1.28,1.77 <0.001 4.9
cg03078690 6 33235504 VPS52 Body 1.17 1.10,1.25 <0.001 1.16 1.09,1.23  <0.001 3.8
DMR? 2 20870087-20 GDF7 437 1.43,13.38  0.009 4.48 1.45,13.84  0.009 1.2

871401

?The average methylation level for the nine CpGs in this DMR was taken. There CpGs are: ¢g09074113, cg05481257, cg07755735, cgl4780466,

cg10687131, cg12334488, cg10553204, cg07021052, cg04082016.

PCpGs are located in the gene if no distance is indicated (genome build Hg19).

“Based on manifest feature annotation Illumina.
d0dds ratios are per 1% increase in DNA methylation.
CHR, Chromosome.

Table 4. Differentially methylated positions associated with HbA1c with and without adjustment for body mass index

Base model Adjusted for BMI
CpG CHR Position Nearest gene®  Feature® Delta P-value!  FDRY BACON  P-value FDRY BACON
B-value® FDR® FDR®
cg19693031 1 145441552 TXNIP 3UTR  -0.0016 8.26E-45 3.55E-39 7.74E-37 3.18E-44 1.36E-38 3.71E-33
cg04816311 10 66 650 C70rf50 Body 0.0008 1.87E-15 4.00E-10 1.37E-08 2.33E-15 5.00E-10 1.23E-07
cg14020176 17 72764985 SLCY9A3R1  3UTR 0.0003 2.16E-10 3.09E-05 3.61E-04 4.45E-10 6.20E-05 2.32E-03
cg00574958 11 68607622 CPT1A 5UTR  —0.0004 5.16E-10 5.54E-05 2.16E-03 5.37E-09 4.61E-04 3.98E-02
¢g05201300 5 172443740 ATP6VOE1 Body —0.0005 2.79E-09 2.16E-04 6.54E-03 5.77E-10 6.20E-05 8.48E-03
cg08309687 21 35320596 LINCO00649 IGR —0.0006 3.01E-09 2.16E-04 6.54E-03 6.82E-09 4.88E-04 4.01E-02
cg03078690 6 33235504 VPS52 Body 0.0003 3.46E-08 1.86E-03 1.41E-02 1.77E-07 7.59E-03 9.76E-02
cgl2655112 15 42261154 EHD4 Body —0.0005 1.11E-08 6.81E-04 1.49E-02 1.44E-08 8.78E-04 6.00E-02

2CpGs are located in the gene if no distance is indicated (genome build Hg19).

"Based on manifest feature annotation Illumina; IGR = intergenic region.

“Beta coefficients were computed from methylation beta-values. Negative beta-values indicate lower DNA methylation (hypomethylation) for 0.1 ul/mol

(2.2%) higher HbAlc.
dNumbers are P-values and FDR corresponding to M-values.

“FDR corresponding to M-values for the models corrected for inflation by possible systematic biases using the BACON method. Results are sorted on P-values

for the BACON-adjusted base model.
CHR, Chromosome.



66 International Journal of Epidemiology, 2019, Vol. 48, No. 1

We performed in silico replication (nominal P-value of Z =g gg
<0.05) in previously published EWAS for T2D for the é% E :éj 5 E E
DMPs annotated to VPSS2 (cg03078690), TPM4 AE | o e ey
(cg07988171) and CDC42EP2 (cg07477137). None of the S
. . . . M
11 EWAS included in the systematic literature search = 138883
(Supplementary Material 4, available as Supplementary 3 % E § § § E )
data at IJE online) reported VPS52 (cg03078690), TPM4 RS Sl al 3;
o
(cg07988171) or CDC42EP2 (cg07477137). < =
N N o\ o 0 o s
v -5 S oSS
= B W m 3
. . . g SE8=SRY z
Differentially methylated regions N ISRV EREES =)
We identified one differentially methylated region (DMR) “ é
associated with T2D (OR 4.37, 95% CI 1.43, 13.38) Z Ssse¢8 g =
annotated to an exon on gene GDF7 (Figure 3; Table 3). > Tﬁoﬁ § % g E 5 g %:
This region was hypomethylated in cases compared with A oo I
. . . . = 2
controls and is strongly conserved between species, as is vi- _ g 72
L Q
sualized in Figure 3 using data of the Vertebrate Multi 3 IE£388¢ % =
) . — o B oW m
Alignment and Conservation track of the UCSC browser.?” = E & RS I g <
. . . e . om @ A . 4 7] S
No signals were observed in histone modification track 5 s | = ool b = E s
H3K27Ac or ENCODE RNA-seq expression track in mus- E B §
cle tissue-derived cells. One other DMR was associated E g =3%838838 ::; E
. . . = = B W m g
with HbA1lc. This DMR is annotated to chromosome 6 3 g AN T &
: 27,28 =) a N oo = A E 3
and is closest to gene ZFP57.7" ® -
5 £ g
2 = | ® oo o« 5§ z
s 1223282 £ 8
Candidate analysis of DMPs reported in non- ° E3lecsceces = =
N . c o 7 S o o oo = =)
African populations © Aa bl . E 2
§ ) < e
We performed a candidate analysis by fitting the T2D linear 2 5 A %
< o — »
regression models to a subset of CpG sites extracted from 3 g S 9 § 2 = g
. . . . . > b= o3 A g = £
the literature identified through a systematic search in T S 22708 g ¢ "é
PUBMED. We could confirm the association with T2D in o 2 1‘.;’ g
our dataset for five of the 2876 CpG sites previously 5 2 = £ 3z
— - :73' =} @«
reported loci (FDR <0.05) (Table 5). We found a DMP e 8 = A T =z
< ~ = : ‘2
(cg07988171) annotated to TPM4 associated with T2D in § ‘_% - 3 E 2 'E g
the present study, but this was a different DMP from previ- é E % 2 E gj - Tgt &
S .2 E8E ¢
ously reported DMPs in that gene (cg27377863," 2 & 5852535 E E %D%” 3
cg07810884," ¢g06590173"%). None of these three CpG g EEEy E
. . . . . . = g s 8
sites was associated with T2D in our population. In replica- 9 SRR g g T; £ =
tion analysis adjusted for BMI, four DMPs were associated g 5 2283 2 - _% £ 5
= \o s =
with T2D in our study population (Table 5). Only one = 2 3 g % N 6% g = 20 g
. . . . ~ © ww | 2 ETLE S D
DMP (cg11024682) did not remain associated with T2D af- E T2eITS | E. EEI-ao
= o @ ..E =
ter BMI adjustment (Figure 4). The DMPs annotated to 5 £z :5 g %
TXNIP and C70rf50 were consistently found most strongly ;C: = e E g E 8=
. . . = o oS & 8.8
associated and with largest effect, that is 4.1% hypomethy- L @) T T EEEsa s
lation for the DMP annotated to TXNIP and 2.0% hyper- ° v 2 g :& % 73
35¢ .
methylation for the DMP annotated to C7orf50. 2 o 5 E25585 %
2 g 2 2 8 3R 8 = £ ¥ s 2
% ~ = E -_q'-; % g TE -%n E
: o : > EfEESE S
Replicated DMRs established in non-African g o wo | EEEZziE
populations 13 258983 §§g§§§5
. o . o Sxbh SR | £2%sExe
Yuan et al.’” reported 20 DMRs identified in relation to S Q SIS Re 25EL7875
T2D in European twins, using MeDIP sequencing and [ o gy


https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyy171#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyy171#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyy171#supplementary-data

International Journal of Epidemiology, 2019, Vol. 48, No. 1

67

validation on the Illumina 450k array. We did not replicate
any of these DMRs. Neither did we identify DMPs associ-
ated with T2D within the DMRs reported by Yuan et al.

Discussion
Key findings

We conducted an EWAS for T2D among people from
Ghana, which to our knowledge, is the first such study in
Africa. We identified several CpG sites that were differen-
tially methylated between T2D cases and controls on an
epigenome-wide level. Three ubiquitous methylation loci
were consistently and strongly associated with T2D in
Ghanaians (cg19693031—TXNIP, cg04816311—C70rf50
and ¢g00574958—CPT1A). Three loci (cg07988171,
cg03078690 and cg07477137) were associated with T2D
on an epigenome-wide level in this study which have not
previously been reported in non-African populations.
However, two of these no longer passed the epigenome-
wide threshold (FDR = 0.16) after correction for possible
systematic biases.

Discussion of the key findings

The three DMPs most strongly associated with T2D in our
study population had previously been observed in non-

73034 indicating that these

African descent populations,
loci are associated with T2D across populations (ubiqui-
tous). Out of these three, cg19693031 (TXNIP) has been
reported to be associated with T2D in several other popu-
lations in blood”*°=*? and in liver.” This DMP was 4.1%
less methylated in our T2D cases compared with controls.
This is similar to reported effect sizes ranging from -3% to
-5%.7392 Consistent ~with this finding, DMP
cg19693031 (TXNIP) showed a substantial decrease in
DNA methylation for higher levels of HbAlc. TXNIP is
involved in insulin resistance; increased expression nega-
tively affects insulin-mediated glucose uptake and corre-
This is
consistent with the hypomethylation we found in T2D

lates with elevated glucose concentrations.®’

cases and with the link between hypomethylation and in-
creased HbAlc levels. On the other hand, GWAS in
European populations suggest that impaired insulin secre-
tion rather than insulin resistance is considered the main
pathogenic cause of T2D." In post hoc analyses, we found
insulin resistance as assessed by homeostatic modelling to
attenuate odds for two of the six T2D DMPs, whereas ad-
justment for beta-cell dysfunction modelling resulted in
hardly any changes (Supplementary Table 2, available as
Supplementary data at IJE online). Intervention studies are
needed to assess whether DNA methylation changes

mediate their impact on T2D via insulin resistance or beta-
cell dysfunction, in sub-Saharan African populations.

DMP cg04816311 annotated to C7orf50 was also asso-
ciated with T2D in sub-Saharan Africans. This DMP has
been previously linked with T2D in Mexican-Americans,
Europeans and Arabs, in blood.>>** The function of this
locus is unknown, although it has been shown to be associ-
ated with lipid levels*® and human longevity.>”

We also identified three loci—cg07988171 [TPM4],
cg03078690 [VPS52] and cg07477137 [CDC42EP2] —
not previously reported in non-African populations.
Although two (cg03078690 and cg07477137) no longer
met the epigenome-wide threshold of FDR <0.05 after cor-
rection for statistical inflation by possible systematic biases
(FDR = 0.16), they remained in the top six loci and one of
them (cg03078690) was associated with HbAlc. The
DMP ¢g07988171 annotated to TPM4 remained associ-
ated with T2D also after correction for possible systematic
biases. In our post hoc analyses (Supplementary Material
3, available as Supplementary data at IJE online), we
found that within a 50-bp region around cg07988171,
there are indications of H3K27Ac histone modifications
(i.e. acetylation at the 27th lysine of the histone H3 pro-
tein), conservation between species and expression in mus-
cle cells.?”*® In post hoc analyses for genetic interaction
(Supplementary Material 3, available as Supplementary
data at IJE online) around our DMPs, we found that
cg07988171 methylation may interact with gene RABSA
which plays a role in glucose homeostasis and is therefore
an important target to explore in future research. The
DMPs annotated to VPS52 and CDC42EP2 showed slight
(0.9% and 0.4%) hypermethylation but, whereas VPS52 is
found to be expressed in blood, muscle and adipose tissue,
CDCH42EP2 is not.””*® Replication studies are needed to
confirm the association of these novel loci, in particular
cg07988171, with T2D in sub-Saharan African populations.

Three DNA methylation loci were associated with T2D at
an epigenome-wide level (FDR <0.05) in the model without
BMI adjustment, but not after adjustment for BMI, suggest-
ing that they may be mediating their effect on T2D via obesity
or that increasing body mass may lead to greater methylation
at these sites. It is possible that BMI increases may induce
changes in DNA methylation at specific loci, which may in
turn influence the risk of T2D. On the other hand, three other
DMPs were not confounded by BMI, suggesting that they me-
diate T2D risk via a mechanism independent of obesity.
Enrichment analysis indicated that the identified T2D DMPs
might be involved both in muscular function pathways and
metabolism pathways (Supplementary Material, available as
Supplementary data at IJE online).

Our finding that methylation levels of identified DMPs
differed by recruitment site should be interpreted with
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caution, given the limited sample size upon stratification,
but it seems to suggest an environmental influence on the
identified DMPs. Three of the six identified DMPs
(cg19693031, cg04816311, cg00574958) had differential
methylation levels between rural Ghana, urban Ghana
and/or Europe (Supplementary Table 8, available as
Supplementary data at IJE online). In general there was a
trend of more hypomethylation in urban Ghana than in ru-
ral Ghana and in Europe than in urban Ghana. Possibly,
health-related behaviour and environmental changes due
to urbanization induce hypomethylation that contributes
to a higher T2D prevalence among Ghanaians in Europe
and urban Ghana compared with Ghanaians in rural
Ghana.*® The geographical impact on DNA methylation
and subsequent T2D requires further exploration.

In the candidate approach, we found five loci associated
with T2D out of the 2876 CpGs candidates from previous
studies, in either BMI-adjusted or unadjusted analyses. The
low vyield can be due to population differences, but could
also indicate false-positives, particularly when considering
the small sample sizes in previous studies (median sample
size = 192). We did not find any of the 20 DMRs identified
through the systematic literature search to be associated
with T2D in our study. It is possible that DMRs associated
with T2D differ between Africans and Europeans.
However, the lack of overlap could also be attributed to
the difference in methods used. Yuan et al.*® validated the
DMRs on the Illumina 450k array, but initial detection of
DMRs was performed using MeDip-sequencing. Also, dif-
ferential statistical methods applied could explain the lack
of overlap between the studies.

Strengths and limitations

This is the first EWAS for T2D in sub-Saharan Africans.
Furthermore, it is one of the largest EWAS on T2D to date.
Our sub-Saharan African study population is relatively ho-
mogeneous, that is all stem from one region in Ghana.
Homogeneity of ethnic groups within Ghana is shown by
annotated principal component analysis in Supplementary
Figure 4, available as Supplementary data at IJE online.
Our findings are unlikely to be driven by confounders such
as smoking and alcohol intake, as both are low in this
study population. Furthermore, smoking DMPs reported
in a study among African Americans were not in the vicin-
ity of our T2D DMPs.*®

A potential limitation is the use of whole-blood sam-
ples. As DNA methylation is tissue specific, we ideally
would have analysed target tissue in T2D including adi-
pose tissue, skeletal muscle and pancreatic beta cells.
However, sampling of these tissues in epidemiological
studies is basically impossible, and the actual use of these

tissues is very limited. Nevertheless, peripheral blood is
thought to give a good reflection and is fairly concordant
with other tissue types.>’ More importantly, epigenetic
biomarkers derived from a routine blood sample are more
feasible for clinical use, for example for the development
of biomarkers. A second possible limitation of the present
study is the possibility that some of the hits reported are
due to genetic [e.g. single nucleotide polymorphisms
(SNPs)] rather than epigenetic variation. Unfortunately, we
do not yet have GWAS SNP data on the RODAM cohort
that would allow us directly test this hypothesis. Existing
GWAS data based on non-African populations would not
be appropriate for this purpose, due to differences in ge-
netic variation, genetic linkage disequilibrium structure
and other factors. Furthermore, we cannot disentangle
whether the loci identified were a cause or a consequence
of diabetes and its major risk factors, due to the cross-
sectional nature of our study. Longitudinal studies assess-
ing new-onset diabetes as an outcome with repeated
measurements of phenotype and DNA methylation would
be needed to assess whether the epigenetic changes identi-
fied occurred before T2D. Intervention studies could be
used to study whether modifying DNA methylation affects
T2D risk. These future studies should ideally have larger
sample sizes and/or combine data in meta-analyses in order
to overcome the potential limitation of the present study to
detect additional epigenetic loci with small effect sizes (i.e.
<3% methylation difference) due to its sample size.

Conclusions

In summary, this first EWAS on T2D in sub-Saharan
Africans has identified methylation loci associated with
T2D. We identified both ubiquitous loci and loci not previ-
ously reported in non-African populations. Further studies
are needed to confirm and extend these findings, including
evaluation of the functional relevance of the novel loci and
replication in other sub-Saharan African populations. Our
findings add to the slowly growing literature on the genetic
architecture of T2D in African populations. The datasets
created and/or analysed during the current study are avail-
able from the corresponding author on reasonable request.

Supplementary Data

Supplementary data are available at IJE online.
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