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Abstract

Genetic susceptibility to type 1 diabetes (T1D) is well supported by epidemiologic evidence;
however, disease risk cannot be entirely explained by established genetic variants identified so far.
This study addresses the question of whether epigenetic modification of the inherited DNA
sequence may contribute to T1D susceptibility. Using the Infinium HumanMethylation450
BeadChip array (450k), a total of seven long-term disease-discordant monozygotic (MZ) twin
pairs and five pairs of HLA-identical, disease-discordant non-twin siblings (NTS) were examined
for associations between DNA methylation (DNAm) and T1D. Strong evidence for global
hypomethylation of CpG sites within promoter regions in MZ twins with TID compared to twins
without T1D was observed. DNA methylation data were then grouped into three categories of
CpG sites for further analysis, including those within: 1) the major histocompatibility complex
(MHC) region, 2) non-MHC genes with reported T1D association through genome wide
association studies (GWAS), and 3) the epigenome, or remainder of sites that did not include
MHC and T1D associated genes. Initial results showed modest methylation differences between
discordant MZ twins for the MHC region and T1D-associated CpG sites, BACH2, INS-IGF2, and
CLEC16A (DNAm difference range: 2.2% — 5.0%). In the epigenome CpG set, the greatest
methylation differences were observed in MAGI2, FANCC, and PCDHB16, (DNAm difference
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range: 6.9% — 16.1%). These findings were not observed in the HLA-identical NTS pairs.
Targeted pyrosequencing of five candidate CpG loci identified using the 450k array in the original
discordant MZ twins produced similar results using control DNA samples, indicating strong
agreement between the two DNA methylation profiling platforms. However, findings for the top
five candidate CpG loci were not replicated in six additional T1D-discordant MZ twin pairs. Our
results indicate global DNA hypomethylation within gene promoter regions may contribute to
T1D; however, findings do not support the involvement of large DNAm differences at single CpG
sites alone in T1D.
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1. Introduction

Type 1 diabetes (T1D) is an autoimmune disease characterized by the destruction of insulin-
producing beta islet cells in the pancreas. The strongest genetic contribution to T1D comes
from genes encoding the classical Human Leukocyte Antigens (HLA) in the Major
Histocompatibility Complex (MHC) [1, 2]. Genome-wide association studies (GWAS) have
identified and confirmed additional non-MHC loci with very modest effects [3, 4]. However,
disease susceptibility is not explained by genetics alone; environmental factors, gene by
environment interactions, and epigenetic influences are likely to play important roles in the
etiology of T1D [5, 6]. Monozygotic (MZ) twin pairs, discordant for T1D, represent an ideal
system to test susceptibility factors not attributable to genetic variation, especially epigenetic
variation, since the genomes of the twins are identical. The ascertainment of disease-
discordant MZ twin pairs for epigenetic studies is difficult; to date, only a few studies have
utilized this design for autoimmune diseases, and the numbers of twins available for these
studies range from 3 to 27 [7-10]. Most recently, a study by Stefan et al. identified 55
hyper- and 33 hypomethylated sites using 3 MZ twin pairs discordant for T1D [11].

Seven pairs of MZ twins, disease-discordant for at least eight years, were used for the
current study. In addition, five pairs of HLA-identical, disease-discordant non-twin sibling
(NTS) pairs were examined. Methylation of DNA (DNAmM) at cytosine-guanine
dinucleotides (CpG) within gene promoters is an established epigenetic mechanism of
transcriptional down regulation [12]. Site-specific DNAm profiling data were generated for
the disease-discordant MZ twins and HLA-identical disease-discordant NTS pairs using a
comprehensive whole genome array of DNAm sites (CpGs). Hypo- and hypermethylation
differences in promoter regions as proportions of total CpG sites characterized across the
genome were investigated. DNAmM was also assessed as a single global (mean) measure
across all CpGs within three pre-selected CpG sets including: (1) sites within or neighboring
MHC region genes, (2) within or neighboring T1D-associated genes (non-MHC, taken from
results of the Type 1 Diabetes Genetics Consortium), and (3) sites within the remaining
epigenome (excluding the MHC region and T1D-associated genes). Finally, individual site-
specific DNAm differences were examined. Our study design utilized disease-discordant
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MZ twins and HLA-identical disease-discordant NTS pairs to test the hypothesis that
peripheral blood DNAm is associated with the T1D disease phenotype.

2. Materials and Methods

2.1 Subjects

MZ twins were recruited from The Twin Family Study of Islet Cell Autoimmunity at the
Barbara Davis Center (BDC); this study recruited twins locally at the BDC as well as
nationally through TrialNet, previous Diabetes Prevention Trial (DPT-1), and Joslin study
cohorts. Informed consent was obtained from the subjects or parents of each study subject.
The Colorado Multiple Institutional Review Board (IRB) approved the study protocol.
Seven long-term disease-discordant MZ twin pairs were selected initially for this study. An
additional six twin pairs were selected for replication. All twin pairs had T1D discordance of
at least 8 years and were of European descent. Five NTS pairs were recruited from
Children’s Hospital and Research Center Oakland (CHRCO), with approval of the CHRCO
IRB. Siblings were identical-by-descent for alleles in the Class I and 1l HLA genes; all
individuals were of European descent. Demographic data for disease-discordant MZ twin
pairs (TP1-TP7) and HLA-identical disease-discordant NTS pairs (SP1-SP5) are shown in
Table 1. In the long-term disease-discordant twins, the age of onset for the affected twin
ranged from 1 to 16; the length of disease discordance at sampling ranged from 8 to 20
years.

2.2 Subjects and CpGs used for validation of 450k data

Jurkat control (cell line) DNA samples were used for validation by pyrosequencing of the
top candidate CpGs loci, identified from analyses of 450k (defined below) data in the 7
discordant MZ twins. An additional independent set of 6 discordant MZ twin pairs was used
for replication of 450k findings (RP1-RP6 in Table 1) by pyrosequencing. Based on
available DNA and the performance of pyrosequencing primers, five CpGs were studied for
validation and replication.

2.3 Genotyping and methylation assay QC

Peripheral blood DNA samples were bisulfite converted with the EZ DNA Methylation™
Kit (Zymo Research, Irvine, CA USA) and processed on the Infinium
HumanMethylation450 (450k) BeadChip assay (lllumina, Inc., San Diego, CA USA)
according to manufacturer protocols. The high quality and performance of the platform was
supported by multiple quality control (QC) measures, including tests for proper bisulfite
conversion, staining, and specificity of the internal controls, as determined by the Illumina
GenomeStudio software. Average-beta values (proxy for DNAm level between 0,
unmethylated, and 1, fully methylated) were normalized to internal controls and corrected
by background subtraction. Non-autosomal CpGs and CpG probes with suboptimal
detection (p<0.05 in at 80% of samples) were removed (n=11,707). We additionally
removed 13,961 CpGs from our analyses where single nucleotide polymorphisms (SNPs)
were located within or near corresponding probes for DNAm detection on the BeadChip as
recently described [13]; therefore, the potential for confounding due to genotype was
minimized.

J Autoimmun. Author manuscript; available in PMC 2017 April 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Elboudwarej et al.

Page 4

Several measures were conducted to ensure the quality and reliability of the 450k array. A
total of 17 “within chip” and “between chip” duplicate sample comparisons showed a
minimum r2 of 0.995, included sample duplicates and control DNA (Jurkat cell lines). No
batch effects were detected, as indicated by “between chip” duplicate comparisons.

2.4 Pyrosequencing

Whole blood DNA (200ng) was bisulfite converted using the EpiTect Fast DNA Bisulfite
Kit (cat no. 59824). During this process, unmethylated cytosine residues are converted into
uracil, leaving the methylated cytosines unchanged. The converted single-stranded DNA
was bound to the MinElute DNA spin column membrane, and then washed and
desulphonated. Approximately 20ng of converted DNA was used in the PyroMark PCR kit
(cat no. 978703) for amplification (see appendix A for amplification primers).

2.5 Statistical and descriptive analyses

In order to characterize genome-wide (global) DNAm patterns between paired subjects, we
reported the ratio of hypo- to hypermethylated CpG sites in MZ twins and NTS pairs
separately. We refer to CpGs as hypo- or hypermethylated if the mean of paired differences
in beta-value between affected and unaffected subjects was negative or positive,
respectively. Global comparisons were then stratified by CpG sites within promoter and
non-promoter regions. CpG sites considered to be located in the promoter region of a gene
were defined as anything 2500 bases upstream or 500 bases downstream of a transcription
start site (according to the RefSeq Genes track in the UCSC Genome Browser). This method
has previously been detailed by Whitaker et al. [14].

As a method of data reduction for global comparisons, we first employed site-specific
statistical tests to limit our data to CpGs with the greatest likelihood of having true DNAm
differences between paired subjects. A non-normal distribution of DNAm within subjects
was observed (data not shown); thus, non-parametric testing was conducted using a paired,
two-sample Wilcoxon signed-rank test. The alpha level for CpG removal from global
comparisons was 0.1; this was chosen because no CpGs in the NTS pairs passed an alpha
threshold of 0.05. However, we additionally employed CpG removal exclusively in
discordant MZ twins at the alpha 0.05 level, for a more stringent evaluation. Due to limited
power, Wilcoxon p-values were not corrected for multiple testing, and employed only as a
method of data reduction and not for the purposes of identifying what can be considered
“statistically significant.” The distribution of hypo- to hypermethylated sites was visualized
using pie charts (see Figure 1); Comparisons were made between promoter and non-
promoter sites within MZ twins and NTS pairs separately using Fisher’s exact tests.

450k data were then grouped into three distinct sets of CpG sites. Specifically, Set 1 was
comprised of a subset of 8,682 CpGs, covering 245 genes in the MHC region. Set 2 included
629 CpGs from 33 non-MHC region genes with genetic variants reported to be T1D-
associated in GWAS [3, 4, 15-19]. Set 3 (referred to in this report as “epigenome”) included
the remainder of the 450,588 autosomal CpGs in the assay, excluding Set 1 and Set 2.
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We examined differences among paired cases and controls (i.e., MZ twin pairs or NTS
pairs) as a single global (mean) measure, across all sites in each of the three CpG sets, using
a paired Wilcoxon signed-rank test. Additionally, individual CpGs were examined to find
the largest mean DNAm differences, with top CpG sites ranked according to the magnitude
of DNAm difference (not statistical difference). In order for DNAm differences to be
associated with disease status, the direction of the DNAm difference (i.e., hypo- or
hypermethylated in the affected twin) would be expected to show some consistency across
all twin pairs. Therefore, only CpG sites that were consistent in direction in at least six of
seven twin pairs are shown. CpGs with greatest DNAm differences identified in the
discordant twins were then examined in NTS pairs.

Statistical computing was done using R (R v2.11.1 (2010-05-31)) and STATA (v11).
Correlation values (r?) are given as Spearman’s coefficient. Data processing was performed
with the help of the R-package, “IMA” [20]. Estimation of cell counts from 450k
methylation data was performed using the R-package, “minfi” [21]. Identical statistical
methods as described for 450k analyses were used in validation and replication analyses.

3.1 Global comparisons of DNAm

Small differences in the proportion of all sites that were hypomethylated across non-
promoter CpGs in the discordant MZ twins were observed; that is, the proportion of CpGs
that were hypomethylated or hypermethylated was similar (Figure 1A). However, when
analyses were restricted to CpGs within promoter regions, 69.3% of CpGs below the a
priori 0.1 alpha threshold demonstrated hypomethylation in affected twins (total n=20,760
sites). The proportion of hypomethylated sites in promoter region CpGs was statistically
different from non-promoter CpGs (Fisher’s exact p-value <0.0001; Figure 1A). Nearly
identical patterns were observed when analyses were restricted to CpG sites at the alpha 0.05
level; within 7,298 promoter CpGs, 72.6% were hypomethylated and within 6,593 non-
promoter CpGs, 47.4% were hypomethylated (Fisher’s exact p-value <0.0001).

A similar trend was observed in HLA-identical NTS pairs, although a smaller difference in
the proportion of hypomethylated promoter region sites was present. Specifically, 53.8% of
CpG sites demonstrated hypomethylation out of 12,362 CpGs that reached the 0.1 alpha
level. A much smaller proportion of sites in the non-promoter CpGs were hypomethylated; a
total of 21.6% hypomethylation out of 18,963 CpGs that reached the alpha 0.1 level (Figure
1B). The proportion of hypomethylated CpGs was also statistically different when
comparing promoter region and non-promoter subsets (Fisher’s exact p-value <0.0001)

Mean DNAm for both the MHC region CpG set and non-MHC, T1D-associated gene CpG
set differed significantly between twins in each pair (Wilcoxon p<0.05); the affected twin
was hypomethylated compared to the unaffected twin. This difference was seen both for
promoter (p<0.05) and non-promoter sites (p<0.05) (data not shown). No significant
difference was observed for the set of remaining CpGs in twins or for any set in the NTS
pairs (data not shown).
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3.2 Site-specific comparisons of DNAmM

Individual CpGs with the greatest DNAm differences for discordant MZ twins are shown in
Table 2. For the MHC region, the ten CpGs with the greatest DNAm difference between
affected and unaffected twins were in the following genes: ABT1 and TNXB, where
hypomethylation was observed in the affected twin, and PRRT1, NUDT3, HSPA1B, RPP21,
BTNL2, and PPP1R11, where hypermethylation was observed in the affected twin. The
range in mean absolute average-beta difference for the MHC CpGs was 3.5% to 5.0%
(Table 2).

For the set of CpGs in non-MHC, T1D-associated genes, those with the greatest DNAm
difference included the following: BACH2 and IL2RA, where hypomethylation in the
affected twin was observed, and Cl14orf64, INSIGF2, CLEC16A, CD226, and SH2B3,
where hypermethylation in the affected twin was observed. The range in mean absolute
average-beta difference for sites in non-MHC, T1D-associated genes was 2.2% to 4.2% (see
Table 2).

For the epigenome set, the greatest DNAm differences were observed in: MAGI2 and
CDKL2, where hypomethylation was observed in the affected twin, and FANCC, PCDHBL6,
PCDHGAL, SYCP], FILIP1, PCDHGA4, and a non-genic CpG, where hypermethylation
was observed in the affected twin. The range in mean absolute average-beta difference for
the epigenome sites was 6.9% to 16.1% (see Table 2).

NTS pair data were examined for the CpGs of interest from analysis of the disease-
discordant MZ twin data described above. The NTS pair results were not consistent, in
either magnitude or direction of DNAm, with those observed for MZ twins (Appendix A,
Figure S1).

3.3 Variation in DNAmM among cell types

For this study, only peripheral blood DNA was available for testing; however, DNAmM can
vary by cell type within an individual [22], and peripheral blood contains a diverse mixture
of immune cells. To assess whether DNAm differences between MZ twins or NTS siblings
in a pair could result from differences in proportions of cell types, we implemented a
validated method, established by Houseman et. al, for cell mixture prediction of CD8+ and
CDA4+ T cells, NK cells, B cells, monocytes, and granulocytes among subjects, based on
highly predictive CpGs present on the array [23]. Cell composition for each subject in the
current study was predicted, adjusting for age and sex. The proportion of each cell type
varied greatly in peripheral blood per individual (Appendix A, Table S1). However,
correlation for the proportion of each cell type was high in the sample of disease-discordant
MZ twins (mean r2=0.99; range: 0.96-0.99), suggesting that measurements of DNAm in
twin pair should reflect a similar cell mixture in the T1D affected vs. unaffected twin, and,
thus, observed DNAm differences between twins in a pair are likely to be accurate, rather
than simply reflecting skewed cell proportions. Conversely, HLA-identical, disease-
discordant NTS pairs had much lower correlation values (mean r2=0.88; range: 0.77-0.99).
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3.4 Validation of 450k platform using pyrosequencing

We attempted to validate the 450k platform, and its ability to detect true DNAm values, by
comparing 450k results with pyrosequenced results. We compared data derived for 19
control DNA samples from immortalized Jurkat cell lines, methylotyped on 6 separate 450k
chips. Five CpGs were analyzed, from the following genes: Cl4orf64, BACH2, IL2RA,
PCDHB16, and PRRT1 (Appendix A, Table S2 for additional details). We observed that
pyrosequenced DNAmM results for the five CpGs were highly correlated with 450k DNAm
results in Jurkat controls. Figure S2 shows the discrepancies in DNAm beta-value between
Jurkat replicates across two plates in the top five CpGs that were selected for
pyrosequencing. We observed the differences are centered around zero, with a maximum
absolute difference of roughly 0.05, indicating that DNAm average-beta values are accurate
and not likely due to plate effects. A comparison of pyrosequenced DNAm levels in a Jurkat
sample with 19 Jurkat controls that were methylotyped on the 450k array, yielded a
minimum correlation of 0.98.

3.5 Replication of 450k results in additional set of MZ twins

Using available DNA from 6 independent MZ twin pairs that were not available for initial
450k analyses, we attempted to replicate CpG site-specific 450k findings by
pyrosequencing. None of the top five CpGs selected for analysis approached statistical
significance (minimum p-value = 0.44). Furthermore, none of these CpGs exhibited greater
than a 0.051 magnitude of DNAm difference between co-twins, nor was the proportion of
hypomethylation in the affected twins similar to original 450k findings. These results,
therefore, verified that DNAm of the top five CpG sites selected from the original 450k
findings were not significantly different (Table 3).

4. Discussion

MZ twins are necessarily matched for age, sex, genome sequence, and, frequently, even
environment. Disease-discordant MZ twins represent an ideal case-control sample; however,
such twins are rare, and acquisition of large sample sets for disease studies is generally not
feasible. Even so, much information can be determined from these sets, without the
confounding of background genomic variation. In the current study, global DNAm profiles
characterized across the genome showed clear differences in the relative proportions of
hypo- to hypermethylated CpG sites within promoter region CpGs in disease discordant MZ
twins compared to non-promoter CpGs. Specifically, the majority of genetic promoters were
hypomethylated in affected twins, and thus, it is possible the corresponding gene products
are over expressed in individuals with disease. A targeted approach was also employed to
focus on potential DNAm differences in established T1D-associated genes, including genes
within the MHC. If a candidate CpG methylation site were truly a disease risk factor,
methylation differences at a given locus would be expected to be consistent in direction (i.e.,
the affected twin is consistently hypomethylated or hypermethylated compared to the
unaffected twin). The results from 450k array data revealed DNAm differences at CpGs in
several T1D-relevant genes that were consistent in direction for at least 6 of 7 disease-
discordant MZ twins.
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Results from analyses of HLA-identical non-twin sibling pairs were consistent with MZ
twins; a greater proportion of hypomethylated sites within the promoter region CpGs and
hypermethylated sites in non-promoter CpGs were observed. However, in contrast to MZ
twin findings, only a slight majority of promoter region CpGs were hypomethylated in the
sibling pairs (~54%), and a large majority of non-promoter CpGs were hypermethylated
(~78%). More generally, the evidence suggests that affected twins were less methylated at
promoter regions compared to affected non-identical siblings. One potential reason for the
different results between MZ twins and HLA-identical non-twin siblings might be due to the
age of subject at blood sample collection. MZ twins, on average, had samples drawn nearly
10 years after disease onset, while sibling pairs had samples drawn within three years.
Therefore, differences in DNAm between subjects might be attributed to disease processes
that are time dependent. Further, genetic backgrounds of T1D discordant HLA-identical
non-twin siblings outside the MHC region will be more heterogeneous compared to the
discordant MZ twins; that is, less sharing present in siblings, whereas the MZ twins are
genetically identical. DNAm differences between the two groups of study subjects may also
result from genetic differences.

Results from analyses of the original 7 MZ twin pairs showed some notable findings for
individual loci. The top 10 sites from each of the three CpG sets were consistent for
direction of DNAm difference between affected and unaffected twins; one CpG site showed
an average DNAm difference of approximately 16% percent. The top three site-specific
findings in the epigenome set (MAGI2:cg14464244, FANCC:cg13600149, and
PCDHB16:¢g25340050) had at least a 9% mean difference in methylation across twins in
the current study. These gene candidates have also been highlighted in previous reports
showing associations with non-T1D autoimmune disorders. For example, in a study cohort
comprised of 681 subjects with Crohn’s disease (CD), 259 subjects with ulcerative colitis
(UC) and 195 controls, significant associations were observed between disease status and
genetic variation within MAGI 2 introns [24]. The MAGI2 gene has been shown to inhibit
cell proliferation of phosphatase and tensin homolog (PTEN) protein [25], which helps
regulate cell growth and apoptosis, and also becomes stable after binding to MAGI2 [26].
Thus, there is a potential link between this gene and mechanisms involved in autoimmune
reactivity.

The FANCC gene is a member of the fanconi anemia protein family, and to our knowledge,
has no functional relevance to T1D. However, Cooke et al. observed differential methylation
of CpG sites within FANCC when comparing DNA from rectal biopsies of CD and UC
cases with healthy controls [27]. While little is understood about the mechanistic importance
of FANCC with respect to autoimmune processes, it’s prior association with CD and UC
indicates a need for more studies.

Lastly, Haas and colleagues showed a significantly higher expression of protocadherin beta
16 (PCDHB16) mRNA in MZ twins with rheumatoid arthritis compared to their healthy co-
twin [28]. To date, little is known about the function of PCDHB16, but available results
suggest it may have a role in broad autoimmune processes.

J Autoimmun. Author manuscript; available in PMC 2017 April 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Elboudwarej et al.

Page 9

Our findings add to growing evidence that support a role for overlapping genetic
contributions across different autoimmune disorders, including T1D. None of the top 10
single CpG sites in the discordant MZ twins were observed in HLA-identical NTS. These
results are consistent with the genome-wide findings and differences in the two study groups
described above. Although our top findings in discordant MZ twins could not be replicated
using another small sample of subjects, more work is needed. GWAS results for
autoimmune diseases, to date, have revealed a complex and heterogeneous genetic
architecture with a large number of very modest individual effects underlying susceptibility.
If DNAm influences are operating similarly, much larger samples will be needed for
confirmation of any putative associations. Our top candidates in the current study do have
support from studies of other autoimmune diseases, and therefore warrant further
examination.

Using DNA from immortalized B-cell lines, Stefan et al. recently reported evidence for
hypermethylation at CD226 in a sample of three discordant twin pairs [11]. Results from the
current study are consistent with this finding (Table 2). MZ twins with T1D demonstrated
evidence for hypermethylation of CD226:cg12929678, a site located within 200 base pairs
of a transcription start site, compared to unaffected twins; albeit a very modest difference
(2.4%). CD226 is known risk factor for T1D[29], and plays a mediatory role in cell
activation and differentiation with respect to immune cells such as T-cell, monocytes, and
natural Killer cells [30]. CD226 is therefore an attractive candidate gene for further
investigation in a larger study.

Other sites reported by Stefan et al. were not replicated in the current study. Additionally,
our results did not overlap with the most differentially methylated candidate CpGs from
another previous twin study conducted by Rakyan et al. [10]. Discrepancies in results from
the two previous DNAm studies may be due to a number of factors. The prior studies
utilized the earlier Illumina 27k DNA methylation BeadChip, which had low CpG density
and several technical limitations; the current study incorporated data derived from the much
more robust and comprehensive 450k platform. A comparison between the 27k and 450k
chip CpG site density for MAGI2, FANCC, and PCDHB16, revealed tremendously different
numbers. In the 27k chip, there are a total of 2 CpGs each for MAGI2 and FANCC and 1
CpG in PCDBH16, whereas there are 104, 25, and 19 CpGs respectively for each of these
three genes in the 450k chip. Therefore, it is reasonable that more robust CpG coverage on
the 450k chip might yield findings that could not have been observed using the 27k chip.
Additionally, source DNA in Stefan et al. was derived from immortalized B-cells, while
Rakyan et al. used DNA from peripheral blood monocytes [10, 11], similar to the current
study. Though Rakyan et al. corrected for cell-compaosition, and comparisons in the current
study showed little difference in cell-composition between co-twins, the possibility of
residual confounding by cell-type cannot be discounted.

DNAm normalization techniques are performed in order to cancel out “noise” or variation in
DNAm that might be attributable to the Illumina Chip or DNA processing plate. Both Stefan
et al. and Rakyan et al. applied quantile-normalization, while the current study utilized
Illumina’s standard protocol of background subtraction and internal control normalization.
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As normalization techniques have been shown to yield different DNAm findings [31], it is
possible this had an effect on which top CpG-sites were discovered.

Sample size and the statistical tests performed are also likely to play a role in which top CpG
sites are identified. Stefan et al. used a combination of T1D concordant (n=6 pairs) and
discordant twin pairs (n=3 pairs), while Rakyan et al. used 15 discordant twin pairs [10, 11];
the current study utilized 7 discovery and 6 confirmatory, long-term discordant MZ twins.
Regarding statistical testing, Stefan et al. performed a linear method in LIMMA regression
with adjustment for multiple testing. Rakyan et al. performed non-parametric Wilcoxon
signed-rank tests, without adjustment, similar to the current study. The current study,
however, utilized both a candidate gene approach and a priori data reduction techniques.

A key strength of the current study is the testing of 450k results using quantitative
pyrosequencing in an independent set of MZ twins. The reliability of the 450k platform in
identifying DNAmM levels was validated through the use of control DNA (Jurkat cell lines).
Results showed strong correlation between pyrosequenced DNAm values and 450k average-
beta values. These results demonstrate the strength of the 450k platform for accurate DNAmM
detection, and have important implications for future T1D studies that utilize this same
platform. It should be possible to combine datasets if they become available for increased
power.

Only peripheral blood DNA from a relatively small sample of MZ twins was available for
the current study. Results show that DNAm patterns for MZ twins are not due to differences
in cell type composition of whole blood, given the strong correlation of cell-types observed
between identical twins. However, proportions of cell subsets can vary among closely
related individuals, including the HLA-identical NTS pairs. Temporality could not be
established in the current study, due to the fact that DNA was extracted from stored
peripheral blood samples that had been collected after disease onset. Therefore, we cannot
determine whether methylation differences are causal or a result from disease pathogenesis.
Finally, failure to validate individual 450k CpG site findings by pyrosequencing indicates a
larger sample of MZ twins is needed for future studies for increased power.

5. Conclusion

Characterization of global methylation differences showed the majority of promoter region
CpGs in MZ twins with T1D are significantly hypomethylated compared to unaffected
twins, in contrast with the rest of the genome. This interesting finding was not observed in
NTS pairs and needs to be pursued further. Results suggest the contribution of DNA
methylation differences to the pathophysiology of T1D are many and modest, similar to
GWAS to date, and may require close matching of cases and controls; i.e., the use of MZ
twins is beneficial for significant CpGs to be revealed.

Despite promising results from the initial 450k analysis and validation of the platform as a
whole using control DNA, none of our top five CpG site-specific findings for T1D were
replicated by pyrosequencing in an independent set of disease discordant MZ twins.
Importantly, our findings inform design of future investigations and do not support
involvement of large DNAm effects in T1D. Discordant MZ twin studies represent a unique
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approach for epigenetic studies of complex diseases, especially given the differences
observed from HLA matched, discordant siblings. While such studies will not reveal
missing heritability, observed DNAm differences in disease-discordant MZ twin pairs can
help elucidate potential causal mechanisms underlying complex diseases [32].
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Seven sets of T1D discordant MZ twins used to discover differentially
methylated CpG sites within or near established T1D genes.

Strong evidence for overall global hypomethylation of gene promoter CpG sites
in MZ twin with TID compared to twin without T1D was observed.

T1D discordant HLA-identical sibs show greater differences in patterns of DNA
methylation compared to T1D discordant MZ twins.

Illumina’s 450k array results validated by pyrosequencing of control DNA
samples.

Results based on analysis of T1D discordant MZ twin replication dataset
suggest large DNA methylation differences at single CpG sites are not
associated with T1D.

J Autoimmun. Author manuscript; available in PMC 2017 April 01.




1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Elboudwarej et al.

A Promoter CpGs in Twins
6156
69.3 %
13894

O Hypermethylated
O Hypomethylated

B Promoter CpGs in Sibs

5470

45.9 %

6459

O Hypermethylated
O Hypomethylated

Fig. 1.
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Non-Promoter CpGs in Twins

10906

45.9 %

9244

Non-Promoter CpGs in Sibs

14302
78.4 %

3929

Global comparisons of hypo- to hypermethylated CpGs across selected sites in discordant

MZ twins and NTS pairs.

(A) The relative number of sites within promoter regions that were hypo- or
hypermethylated and reached an alpha significance threshold of 0.1, based on a paired
Wilcoxon signed-rank test. In affected twins, 69.3% of CpGs were hypomethylated out of a
total, 20,760 sites. The proportion of hypomethylated sites in promoter region CpGs (left)
was statistically different from non-promoter CpGs (right) (Fisher’s exact p-value <0.0001),
where 46.0% of CpGs were hypomethylated in a total of 20,902 sites.
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(B) HLA-identical NTS pairs had a much smaller difference in the ratio of hypo- to
hypermethylated promoter region CpGs, with 53.8% hypomethylation out of 12,362 CpGs
that reached the 0.1 alpha level. Among non-promoter CpGs, 21.6% were hypomethylated
out of a total 18,963 CpGs. The ratio of hypo- to hypermethylated CpGs was also
statistically different when comparing promoter region and non-promoter pies (Fisher’s
exact p-value <0.0001).
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