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Abstract

Pancreatic islets of type 2 diabetes patients have altered DNA methylation, contributing to islet dysfunction and the onset
of type 2 diabetes. The cause of these epigenetic alterations is largely unknown. We set out to test whether (i) islet DNA
methylation would change with aging and (ii) early postnatal overnutrition would persistently alter DNA methylation. We
performed genome-scale DNA methylation profiling in islets from postnatally over-nourished (suckled in a small litter) and
control male mice at both postnatal day 21 and postnatal day 180. DNA methylation differences were validated using quan-
titative bisulfite pyrosequencing, and associations with expression were assessed by RT-PCR. We discovered that genomic
regions that are hypermethylated in exocrine relative to endocrine pancreas tend to gain methylation in islets during aging
(R2 ¼ 0.33, P<0.0001). These methylation differences were inversely correlated with mRNA expression of genes relevant to
b cell function [including Rab3b (Ras-related protein Rab-3B), Cacnb3 (voltage-dependent L-type calcium channel subunit 3),
Atp2a3 (sarcoplasmic/endoplasmic reticulum calcium ATPase 3) and Ins2 (insulin 2)]. Relative to control, small litter islets
showed DNA methylation differences directly after weaning and in adulthood, but few of these were present at both ages.
Surprisingly, we found substantial overlap of methylated loci caused by aging and small litter feeding, suggesting that the
age-associated gain of DNA methylation happened much earlier in small litter islets than control islets. Our results provide
the novel insights that aging-associated DNA methylation increases reflect an epigenetic drift toward the exocrine pancreas
epigenome, and that early postnatal overnutrition may accelerate this process.
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Introduction

As of 2017, 9.3% of the U.S. population are afflicted with diabe-
tes, >90% of which is type 2 diabetes (T2D) [1]. Pancreatic islet
failure is a critical component of T2D pathogenesis [2]. The de-
velopment of T2D is influenced by both genetic and environ-
mental factors, suggesting the likely involvement of epigenetic
mechanisms which have the potential to both influence gene
expression and be affected by environment [3]. Indeed, genome-
wide studies have shown significantly altered DNA methylation
in islets from T2D patients [4, 5]. A critical outstanding question
is what causes these DNA methylation alterations.

During critical ontogenic periods, transient nutritional and
other environmental influences can affect developmental out-
comes, with lifelong consequences. Extensive human [6] and
animal model data [7, 8] indicate that such “developmental pro-
graming” may help explain the increasing prevalence of T2D in
recent decades [9]. In rodents, early postnatal overnutrition due
to suckling in small litters (SLs) induces persistent alterations in
circulating insulin concentrations [7, 10]. In vitro studies demon-
strated impaired glucose-stimulated insulin secretion and sta-
ble gene expression changes in SL islets, suggesting that the
endocrine pancreas is the primary repository of the persistent
effect [10]. Induced alterations in epigenetic regulation could
mediate such developmental programing in the endocrine pan-
creas. In particular, methylation of cytosine-phosphate-guanine
(CpG)-dinucleotides in DNA is recognized as the most stable epi-
genetic mark, and therefore a prime candidate to mediate the
lifelong persistence that is the hallmark of developmental pro-
graming [9, 11].

To our knowledge only one previous study has employed
DNA methylation profiling in islets to examine epigenetic
responses to an early nutritional exposure [12]. In pancreatic
islets of 7-week old rats that had been subjected to intrauterine
growth retardation, over 1400 loci showed DNA methylation
changes compared to controls. That study, however, did not as-
sess whether these changes were actually present at the end of
the “exposure” period (i.e. birth) and persisted to adulthood [12].
No previous study has used a genome-scale approach to test
whether early postnatal nutrition induces persistent epigenetic
changes in the endocrine pancreas.

In addition to genetics and nutrition, aging is a major etio-
logic factor in T2D. Both glucose tolerance and in vitro glucose-
stimulated insulin secretion decline with age in both humans
and rodents [13, 14], and age-associated epigenetic changes
have been linked to disrupted b cell function [15–17].
Therefore, both developmental programing and aging may
contribute to islet epigenetic alterations that lead to endocrine
dysfunction.

Accordingly, the main goal of this study was to test the hy-
pothesis that both aging and early postnatal overnutrition
cause DNA methylation alterations in endocrine pancreas.
Our data show age-associated epigenetic changes in the endo-
crine pancreas, which appear to be functional and are strongly
associated with DNA methylation differences that distinguish
endocrine from exocrine pancreas. By examining islets from
SL mice, we found that although suckling-period overnutrition
results in subtle increases in islet DNA methylation at wean-
ing, these group differences generally do not persist to adult-
hood. More notably, our cross-sectional study design also
indicated that the DNA methylation increments caused by SL
feeding resemble those associated with aging, suggesting that
early postnatal overnutrition causes accelerated epigenetic
aging in islets.

Results
Substantial DNA Methylation Differences between
Exocrine and Endocrine Pancreas

Genome-scale DNA methylation analysis was performed by
methylation specific amplification and next-generation se-
quencing (MSA-seq) [18] which interrogates a subset of SmaI/
XmaI intervals in the genome. Prior to sequencing experimental
samples, MSA specificity was verified using sex-specific PCR
amplification (Supplementary Fig. S1), which showed methyl-
ated X chromosomal loci only in females. To document the sen-
sitivity of MSA-seq, we began by profiling DNA methylation
differences between endocrine (islets) and exocrine pancreas.
As expected, MSA-seq detected extensive methylation differen-
ces between exocrine vs. endocrine pancreas at postnatal day
21 (P21) (Fig. 1a), so we applied a fairly stringent cutoff
(P< 0.005) to identify hits. There were 2311 SmaI/XmaI intervals
(regions) with higher methylation in exocrine than endocrine
pancreas (i.e. exocrine hypermethylated) and just 456 exocrine
hypomethylated regions (Fig. 1a and Data Set). Interestingly,
whereas regions of exocrine hypermethylation were not
enriched at genes (Fig. 1b), regions of exocrine hypomethylation
were, particularly at transcription start sites (TSSs) (Fig. 1b,
Supplementary Table S1). Gene ontology (GO) analysis (Fig. 1c,
Supplementary Table S2) showed that exocrine vs. endocrine
methylation differences were associated with biological pro-
cesses such as “protein binding,” “cytoskeleton organization”
and “amino acid metabolism,” of potential relevance to regu-
lated hormone secretion.

DNA Methylation in the Endocrine Pancreas Increases
with Age, Approaching That of the Exocrine Pancreas

We next profiled P180 vs. P21 endocrine pancreas to identify
age-associated DNA methylation changes. Unlike in the exo-
crine vs. endocrine comparison, age-related changes were rela-
tively subtle, so relatively loose criteria (P< 0.05) were applied to
identify hits. Overall, islet methylation tended to increase with
age; 528 genomic regions gained and only 44 lost DNA methyla-
tion (Fig. 1d and Data Set). Though slightly under-represented at
genes (Fig. 1e), age-associated increases in DNA methylation
were associated with biological processes of direct relevance
to islet function including “regulation of membrane
repolarization” (18.4-fold enrichment) and “regulation of insulin
secretion” (5.5-fold enrichment) (Fig. 1f and Supplementary
Table S3). Regions that lost methylation with age were signifi-
cantly enriched near TSSs (Fig. 1e) but associated genes were
not enriched for any specific ontologies.

We noted that many of the same genes came up in both the
age-associated and endocrine vs. exocrine comparisons.
Therefore, to test whether the exocrine vs. endocrine methyla-
tion differences might be related to those that occur during ag-
ing in endocrine pancreas, we focused on all SmaI/XmaI
intervals with significant exocrine:endocrine methylation ratios
(P< 0.005), and plotted these vs. their P180:P21 ratios in the en-
docrine pancreas. Among regions with an exocrine:endocrine
methylation ratio >1, we found a striking positive correlation
(Fig. 2a). There was no such correlation for regions with an exo-
crine:endocrine methylation ratio <1 (Fig. 2a). A similar result
was obtained if we instead focused the analysis on all intervals
undergoing methylation changes from P21 to P180
(Supplementary Fig. S2). Overall, 244 intervals showed both a
gain of methylation from P21 to P180 and higher methylation in
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exocrine relative to endocrine pancreas (Data Set). GO analysis
of associated genes showed the strongest process enrichments
for “regulation of insulin secretion” and “positive regulation of
ion transport” (Fig. 2b and Supplementary Table S4). This novel
observation suggests that as islets age, locus-specific methyla-
tion gradually increases toward that of the exocrine pancreas,
with accumulated DNA methylation and potential suppression
of genes involved in insulin secretion pathways.

Bisulfite Pyrosequencing Validates the Observed DNA
Methylation Differences

To confirm these observations, we selected 11 SmaI/XmaI inter-
vals based on their endocrine/exocrine methylation differences

and/or islet associated function (Supplementary Table S5).
Bisulfite pyrosequencing validated the MSA-seq results for 9 of
these, confirming positive P180:P21 and exocrine:endocrine
methylation ratios. For example, evidence suggests that Rab3b
(Ras-related protein Rab-3B) [19], Cacnb3 (voltage-dependent L-
type calcium channel subunit 3) [20] and Atp2a3 (sarcoplasmic/
endoplasmic reticulum calcium ATPase 3) [21] play important
roles in regulating insulin secretion. At all three of these, MSA-
seq showed age-associated methylation increases, such that
the DNA methylation profile of P180 islets approached that of
exocrine tissue (Fig. 3a, c and e). Pyrosequencing confirmed
these results (Fig. 3b, d and f). At 5 more MSA-seq hits in genes
associated with islet function, Rxra (retinoic acid receptor RXR-
alpha) [22], Kcnq1 (potassium voltage-gated channel subfamily

Figure 1: DNA methylation differences associated with age and tissue type. (a) Volcano plot of MSA-seq data on exocrine vs. endocrine pancreas. Each dot represents

the mean exocrine:endocrine MSA-seq read count ratio at one SmaI/XmaI interval; red and green dots represent intervals with higher and lower methylation in exo-

crine relative to endocrine pancreas, respectively (P<0.005; n¼5). (b) Genomic distribution of intervals with higher (red) and lower (green) DNA methylation in exocrine

vs. endocrine pancreas [****significant (P<0.0001) enrichment relative to genome-wide]. (c) GO analysis of genes with exocrine vs. endocrine differences in DNA methyl-

ation in the pancreas (see Supplementary Table S2). (d) Volcano plot of MSA-seq data for P180 vs. P21 islets. Each dot represents the mean P180:P21 MSA-seq read count

ratio at one SmaI/XmaI interval; red and green dots represent age-related increases and decreases, respectively (P<0.05; n¼5). (e) Genomic distribution of intervals

with increased (red) and decreased (green) DNA methylation with age [**significant (P<0.01) enrichment or depletion relative to genome-wide]. (f) GO analysis of genes

showing methylation increases with age. TES, transcription end site
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KQT) [23], Rasa3 (Ras GTPase-activating protein 3) [24], Prkce
(protein kinase C epsilon type) [25] and Igfbp2 (insulin-like
growth factor-binding protein 2) [26] bisulfite-pyrosequencing
confirmed increased methylation during islet aging and in exo-
crine relative to endocrine pancreas (Supplementary Fig. S3).

Although MSA-seq is not informative for the Ins2 (insulin 2)
promoter, we asked whether DNA methylation in this region
might follow a similar pattern. Indeed, clonal bisulfite sequenc-
ing in P180 vs. P21 islets (Fig. 3g) showed a 20–30% increase of
DNA methylation at two CpG sites implicated in transcriptional
regulation of Ins2 [27]. In exocrine tissue these two sites were al-
most completely methylated (Fig. 3g). Bisulfite pyrosequencing
at these same two sites (Fig. 3h) confirmed increasing DNA
methylation as islets age, and even higher methylation in the
exocrine pancreas.

DNA Methylation Differences Are Correlated with
Expression

Focusing on Rab3b, Cacnb3, Atp2a3 and Ins2 we next asked
whether these age-related increases in DNA methylation are asso-
ciated with changes in gene expression. Analysing across young
and old islets and exocrine tissue we found a strong inverse corre-
lation between DNA methylation and mRNA expression for Rab3b
(Fig. 4a), Cacnb3 (Fig. 4b), Atp2a3 (Fig. 4c) and Ins2 (Fig. 4d). In all
four cases, expression in P180 islets was intermediate between
that of P21 islets and exocrine tissue (Fig. 4a–d and
Supplementary Fig. S4). Overall, our data indicate that as islets
age, increases in DNA methylation occur at regions normally
hypermethylated in exocrine relative to endocrine pancreas, likely
contributing to the age-associated deterioration of islet function.

Early Postnatal Overnutrition Accelerates
Aging-Associated DNA Methylation in Pancreatic Islets

Lastly, we asked if early postnatal overnutrition affects islet
DNA methylation. As described previously [28], suckling-period
overnutrition was achieved by cross fostering mice on P1 to SLs
(4 pups) or control (C – 9 pups). At weaning, SL mice are �20%
heavier and fatter than C mice [28], showing that they are sub-
stantially over-nourished during the suckling period. Extensive
research with the SL rodent model over the last several
decades shows that early postnatal overnutrition leads to per-
manent impairment of glucose-stimulated insulin secretion.
Importantly, impaired glucose-stimulated insulin secretion is
found both in vivo [7, 10] and in vitro [10], indicating that early
postnatal overnutrition induces stable functional changes in-
trinsic to the islets, and suggesting the potential involvement of
epigenetic mechanisms. To examine if the SL feeding altered
islet DNA methylation, we first determined that SL feeding did
not alter the b cell percentage, and only slightly reduced the a

cell percentage (by 5%) (Fig. 5). This indicates that any DNA
methylation differences detected between SL and C islets likely
reflect epigenetic alterations within specific cell types (most
likely b cells – the predominant islet cell type) rather than
changes in the islet cellular composition.

The theoretical construct of “metabolic imprinting” [29] was
proposed to guide mechanistic studies of developmental pro-
graming. A definitive characteristic of a primary imprint (a mo-
lecular change that mediates effect persistence) is that it is
detectable directly after the imprinting period and persists to
adulthood. To test whether DNA methylation serves as a pri-
mary imprint in this model, we used MSA-seq to perform DNA
methylation profiling of islets from male SL and C mice at both
P21 and P180 (n¼ 5 per group at each age, all from different fos-
ter litters). Although no SL vs. C group differences reached
genome-wide significance, we focused our analysis and
attempted validation on those with an unadjusted P< 0.05.
Volcano plots (Fig. 6a) indicated SL vs. C hypermethylation at
both P21 and P180 (330 and 444 SmaI/XmaI intervals, respec-
tively, Data Set). However, only 7 genes showed evidence of per-
sistently increased DNA methylation (SL > C at both ages) and
only three of these [Ttyh3 (protein tweety homolog 3), Igf2bp1
(insulin-like growth factor 2 mRNA-binding protein) and
Tmem145 (transmembrane protein 145)] involved the same
SmaI/XmaI interval at both ages.

Despite the loose cutoff of our screen, genomic regions
showing SL > C methylation differences at P21 were strongly
and highly-significantly enriched at TSSs (Fig. 6b). Interestingly,
GO process analysis of these indicated associations with genes

Figure 2: hypermethylation in exocrine relative to endocrine pancreas predicts

increased methylation during islet aging. (a) In regions showing significant

exocrine vs. endocrine differences, age-associated methylation changes in

islets are plotted vs. the exocrine:endocrine ratio. (b) GO analysis of genes with

higher DNA methylation in both P180 vs. P21 islets and exocrine vs. endocrine

pancreas
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Figure 3: validation of DNA methylation differences detected by MSA-seq in the exocrine and aging endocrine pancreas. (a, c and e) Average MSA-seq data (n¼5) for

Rab3b, Cacnb3 and Atp2a3 show increased DNA methylation as islets age (P180 vs. P21) and in exocrine relative to endocrine pancreas. Each tick represents 5 MSA-seq

reads; asterisks indicate SmaI/XmaI sites selected for validation (Supplementary Table S5). Bisulfite pyrosequencing confirmed these differences at Rab3b (b) (age

P¼0.005, tissue P<0.0001), (d) Cacnb3 (age P<0.0001, tissue P< 0.0001), (f) Atp2a3 (age P¼0009, tissue P<0.0001) and Ins2 (h) (age P<0.05, tissue P<0.0001). (The SmaI/

XmaI site that was informative at Rab3b is indicated by a gray bar. Shown are mean 6 SEM, n¼7. Interrupted lines represent multiple pyrosequencing assays.) (g) Top:

the Ins2 proximal promoter region; vertical lines indicate CpG sites analysed by clonal bisulfite sequencing (�182 and �171 bp from the TSS; the only two in this region).

Bottom: clonal bisulfite sequencing data in P21 islets, P180 islets and P21 exocrine pancreas. Each line represents a clone; filled and empty circles represent methylated

and unmethylated CpG sites, respectively. Average site-specific % methylation values are shown. TES, transcription end site
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involved in “regulation of gene expression, epigenetic” and
“regulation of hormone secretion” (Fig. 6c, Supplementary
Tables S6 and S7). Of 13 selected SmaI/XmaI intervals with evi-
dence of SL > C at both P21 and P180 (Supplementary Table S8),
only 3 were validated by bisulfite-pyrosequencing. These were
located within intronic regions of Akt1 (RAC-alpha serine/
threonine-protein kinase) (Fig. 7a and b), Cacna1i (calcium chan-
nel, voltage-dependent, alpha 1I) (Fig. 7c and d) and Scn10a (so-
dium channel protein type 10 subunit alpha) (Fig. 7e and f).

It therefore appears that although numerous biologically rel-
evant DNA methylation changes are observed in SL islets at P21,
most of these do not persist into adulthood. As we already
showed, however, even without early postnatal overnutrition,
islet DNA methylation dynamically changes (mostly increasing)
from P21 to P180. This suggests two possible reasons to explain
why the P21 SL > C differences do not persist to P180: either

(i) the P21 hypermethylation at these loci reverts by P180 or
(ii) the P21 hypermethylation in SL islets persists, but by P180 is
matched by age-associated increases in C islets. To distinguish
between them, we compared 790 regions showing SL:C > 1.3 (re-
gardless of P value) with the P180 > P21 hits. Strikingly, of the
790 P21 SL > C hits, 401 are also P180 > P21 hits (P< 0.0001 by v2

test) (Fig. 8a). GO analysis (Supplementary Fig. S5) shows that
the top biological process associated with these 401 regions is
“regulation of receptor-mediated endocytosis,” which is impor-
tant to b cell function and increases with age [30]. Thus, our in-
terpretation is that much of the hypermethylation induced by
early postnatal overnutrition does persist to adulthood. The ap-
parent reason for the lack of SL vs. C differences at P180 is that,
at many of these same loci, C islets eventually gain DNA meth-
ylation to similar levels as those of SL islets by P180. Indeed, by
plotting all 401 overlapped hits from P21 to P180, most intervals

Figure 4: age- and tissue type-specific differences in DNA methylation correlate with expression at (a) Rab3b (R2 ¼ 0.56, P<0.0001), (b) Canb3 (R2 ¼ 0.76, P<0.0001),

(c) Atp2a3 (R2 ¼ 0.58, P<0.0001) and (d) Ins2 (R2 ¼ 0.67, P< 0.0001). Each point represents average % methylation at each locus and mRNA expression (averaged across

triplicate measurements), n¼7 per age/tissue type

Figure 5: islet cellular composition is not substantially altered in SL mice. (a, b) Representative immunohistochemistry of P21 C and SL islets of Langerhans [green: in-

sulin (b cells), red: glucagon (a cells); blue: 40 ,6-diamidino-2-phenylindole (nuclei)]. (c) Quantitation of cellular composition (a and b cells) in C and SL islets. There is no

change in the proportion of b cells, but a cell proportion is slightly lower in SL islets (*P<0.05). (Shown are mean 6 SEM, n¼6 mice per group, 10 islets per mouse)
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gain DNA methylation in C islets (Fig. 8c) and remain
unchanged or slightly decrease in SL islets (Fig. 8c).
Furthermore, among these hits, the DNA methylation levels in
SL islets at P21 are more comparable to those of C islets at P180
rather than P21. Taken together, our data indicate that early
postnatal overnutrition accelerates age-related increases in
DNA methylation in pancreatic islets.

Discussion

Both early postnatal overnutrition [7, 10] and aging [31, 32] have
long been implicated in islet dysfunction. The underlying mo-
lecular mechanisms, however, remain largely unknown. Our
study—the first genome-scale screen for persistent methylation
changes in SL islets—yielded two major findings. First, our
results revealed extensive DNA methylation alterations caused
by aging and/or SL feeding, indicating both aging and early over-
nutrition as potential causes of epigenetic dysregulation in
islets. Second, and more intriguing, we discovered significant
overlap between regions affected by aging and SL feeding, sug-
gesting accelerated epigenetic aging in the islets of SL mice.

One obvious weakness of our study is that the profiling tech-
nique used (MSA-seq) does not provide an unbiased assessment
of genomic methylation. To achieve a more complete picture of
DNA methylation changes and associated pathways caused by
aging or early overnutrition, a truly genome-wide approach such
as whole-genome bisulfite sequencing [33] would be advanta-
geous. Nonetheless, although MSA-seq assays only a subset of
CpG sites in the genome, our extensive independent validation
by bisulfite pyrosequencing demonstrates that the technique is
reliable. We reported overlapping DNA methylation changes as-
sociated with aging and early postnatal overnutrition, but deter-
mining whether these epigenetic alterations actually cause
impaired insulin secretion will require more sophisticated
approaches such as epigenome editing [34]. Also, our current
data do not elucidate how postnatal overnutrition leads to islet
hypermethylation. De novo DNA methylation in the endocrine
pancreas is at least partially mediated by DNA methyltransferase
3A (Dnmt3a) [35]. At this point, however, we do not know pre-
cisely when during the suckling period the hypermethylation
occurs in SL mice. Hence, testing whether P21 islet hypermethy-
lation in SL mice is caused by alterations in Dnmt expression
and/or activity will require measuring Dnmt expression at earlier
stages such as P7 and P14 (which will be a goal of future studies).
Lastly, we assessed DNA methylation in whole islets. Although
predominantly b cells, islets additionally contain a, and d cells
and also endothelial and mesenchymal cells. Importantly, we
showed that postnatal overnutrition does not markedly change
the relative proportions of a and b cells (Fig. 5), so the methyla-
tion differences we detected in SL islets are not attributable to
changes in cell proportion. Nonetheless, from the current data
we cannot definitively identify the islet cell type(s) most affected
by either postnatal overnutrition or aging. To perform DNA
methylation profiling of insulin-secreting b cells will require iso-
lating pure b cells using either a combination of surface markers
[36] or autofluorescence [37]. Alternatively, emerging single-cell
sequencing approaches such as single-cell bisulfite sequencing
[38] may enable deconvolution of DNA methylation signals from
major cell types within intact islets.

Our study was designed to test for metabolic imprinting [29]
of DNA methylation as a potential explanation for the persistent
endocrine pancreas dysfunction in the rodent SL model. At the
end of the suckling period (P21), we detected widespread
increases in DNA methylation in SL islets. Comparing SL vs. C
DNA methylation differences at both P21 and P180 indicated
that only a few persisted to P180, including a subset of genes im-
portant for insulin secretion: Akt1 [39], Cacna1i and Scn10a [40].
This comparison approach, however, is valid only under the as-
sumption that there is no DNA methylation change in C islets.
We did, however, find age-associated methylation increases in C
islets. Moreover, by comparing the hypermethylation caused by
early postnatal overnutrition and that associated with aging, we
found a substantial overlap. This indicated that the lack of DNA
methylation difference at P180 was caused not by loss of DNA
methylation in SL islets, but rather by gain of DNA methylation
in C islet. It further suggested that early postnatal overnutrition
accelerated epigenetic aging in the endocrine pancreas. Obesity
has been reported to constrict T-cell diversity by accelerating
age-related thymic involution [41], and increase brain age by
10 years measured by cerebral white matter atrophy [42].
Furthermore, epigenetic aging has been shown to be accelerated
by obesity in the liver [43] and blood cells [44]. To the best of our
knowledge, our current data provide the first evidence support-
ing accelerated epigenetic aging by early postnatal overnutrition,
suggesting a new mechanistic basis for metabolic imprinting.

Figure 6: SL islets are modestly hypermethylated at both P21 and P180.

(a) Volcano plots of SL vs. C MSA-seq data of islets at P21 (left) and P180 (right)

(n¼5 per group at each age). Each dot represents the mean SL:C MSA-seq read

count ratio at one SmaI/XmaI interval; red and green dots represent intervals

with SL > C and SL < C, respectively (P<0.05). At both ages, SL > C predomi-

nates. (b) Genomic distribution of intervals showing SL > C at P21 (red) vs. ge-

nome-wide (gray) (****P<0.0001). (c) GO analysis of TSS-associated intervals that

showed SL > C at P21 (see Supplementary Table S6). TES, transcription end site
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In support of our finding of early postnatal overnutrition accel-
erating epigenetic aging, aged mice and adult SL mice share simi-
lar special phenotypes. Despite solid evidence showing impaired
glucose-stimulated insulin secretion in aged [45, 46] and SL mice
[7], glucose tolerance is not negatively affected by either aging [45,
46] or postnatal overnutrition [7, 10]. Such paradoxical findings
suggest that other mechanisms, such as glucose clearance in liver,
muscle, or adipocytes, may compensate for the islet dysfunction.

Additionally, our data provide the novel insight that, as islets
age, their methylation profile undergoes an “epigenetic drift” to-
ward that of the exocrine pancreas. Stochastic, gradual decreases
and increases in DNA methylation as a result of age are referred
to as epigenetic drift [47]. This phenomenon may be a fundamen-
tal process of aging [48] and appears to be involved in the etiology
of cancer [49] and age-associated diseases. An overall framework
for why certain genomic regions are targeted for epigenetic drift
has yet to be proposed. However, epigenetic drift is often tissue-
specific and is more prevalent in mitotically active tissues [47].

Aging is one of the major risk factors for development of T2D
[31], and age-related epigenetic changes in pancreatic islets have

been associated with impairment of islet function and prolifera-
tion [15–17]. Our study, the first genome-scale analysis of age-
associated DNA methylation changes in the endocrine pancreas,
yielded the novel insight that methylation increases during islet
aging tend to occur in genomic regions that are normally meth-
ylated in exocrine relative to endocrine pancreas (Fig. 2a). We
considered whether this correlation might simply be an artifact
due to islets isolated from older mice being more contaminated
with exocrine tissue. In this case, however, the correlation
would also be observed at genomic regions that are hypomethy-
lated in exocrine pancreas relative to islets. This was not the
case (Fig. 2a). We also asked whether this gain of DNA methyla-
tion might be explained by a shift in cellular composition as
islets age. In rodents, however, age-associated increases in the
number of b cells per islet [50] are accompanied by commensu-
rate increases in non-b endocrine cell number [51], so overall cel-
lular composition of islets is fairly stable from P21 to P180.
Despite the general increase in DNA methylation from P21 to
P180 in C islets, little aging-associated gain of DNA methylation
was observed in SL islets. At this point we do not know why, but

Figure 7: limited evidence of persistent DNA methylation increases in SL islets. (a, c and e) MSA-seq data (n¼ 5) for Akt1, Cacna1i and Scn10a, indicating increased DNA

methylation at P21 and P180 in SL vs. C islets. Each tick represents 5 MSA-seq reads; asterisks indicate SmaI/XmaI sites selected for validation (Supplementary

Table S8). Bisulfite pyrosequencing results at P21 and P180 for (b) Akt1 (P¼ 0.02 and P¼0.50, respectively), (d) Cacna1i (P¼0.02 and P¼0.0006, respectively) and (f) Scn10a

(P¼0.01 and P¼0.02, respectively). Grey bars indicate informative SmaI/XmaI sites (mean 6 SEM, n¼7)
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one potential explanation is that the hypermethylated loci in SL
islets already reached nominally maximal levels by P21, leaving
little room for further increase from P21 to P180. Indeed, the P21
SL vs. C differentially methylated loci we validated (Fig. 7b, d and
f) were heavily methylated, consistent with this explanation.

Our interpretation is that epigenetic drift in islets essentially
causes their epigenome to drift toward that of the exocrine pan-
creas. This may indicate a gradual reversal of innate processes
of pancreatic development and cellular fate maintenance.
Morphological analyses of pancreatic development indicate
that endocrine and exocrine cells originate from a common
pool of progenitor cells in the gut endoderm [52]. Due to their
common origin, mature exocrine cells induced to express a set
of b cell specific transcription factors can be reprogramed into
insulin-expressing endocrine like cells [53]. Analogously, epige-
netic drift during islet aging may represent a form of stochastic
epigenetic reprograming toward the exocrine lineage. Future
studies will be required to determine if epigenetic drift in other
tissues likewise mirrors a reversal of cellular differentiation.

Importantly, we show that these methylation differences as-
sociated with age and tissue type correlate with alterations in
expression of genes important to b cell function (Fig. 4). Rab3b
encodes the Ras-related GTPase, which functions in rapid insu-
lin granule refilling [19]. Since regulation of membrane Ca2þ po-
tential plays a central role in insulin exocytosis, we were
intrigued to find coordinated changes in methylation and ex-
pression at the voltage-gated Caþ channel b3 subunit (Cacnb3)
and Ca2þ-ATPase (Atp2a3). Ion channels serve an important role
in the regulation of insulin secretion [14, 54]. Hence, DNA meth-
ylation alterations affecting concentration of intracellular Ca2þ

provide a plausible link between aging and T2D.
Additional genes with importance for normal islet function

showed increased methylation during islet aging: Rxra [22],
Kcnq1 [23], Prkce [25], Rasa3 [24], Igfbp2 [26] and Ins2. In particular,
the age-associated changes in DNA methylation we observed at
the Ins2 promoter merit special consideration. Data from both
mice and humans indicate that insulin gene expression is regu-
lated by DNA methylation at its promoter [27]. In patients with
T2D, increased DNA methylation at the INS promoter is associ-
ated with decreased expression [55]. In rodents, Ins2 expression
decreases with age [10] and the mouse and human insulin pro-
moter is hypomethylated specifically in islets [27]. Consistent
with these findings, we found that the Ins2 promoter is hyper-
methylated in exocrine relative to endocrine pancreas. We dis-
covered that during islet aging, increased methylation at the
Ins2 promoter (Fig. 3g and h) is associated with decreased ex-
pression (Fig. 4d). In vitro studies indicate that the Ins2 promoter
is hypermethylated in mouse b cell progenitors and becomes
demethylated only during the late stages of b cell differentiation
[27], consistent with our conjecture that epigenetic drift during
islet aging represents a reversal of differentiation.

Collectively, our data indicate that locus-specific increases
in DNA methylation may be a fundamental molecular mecha-
nism contributing to the progressive decline in islet function
with age, and that early postnatal overnutrition accelerates this
process. If similar mechanisms can be confirmed in humans,
this may enable new strategies to prevent and treat T2D.
Moreover, given that obesity is associated with inflammation
[56] and inflammation with hypermethylation [57], epigenetic
drift may provide a unifying mechanism linking obesity, inflam-
mation, and endocrine pancreas dysfunction.

Methods
Animals

Newborn FVB/NJ mice (The Jackson Laboratory, Maine) were
cross-fostered at P1 in litters of 9 (C) or 4 (SL), as previously de-
scribed [28]. Only males were used for islet studies and the

Figure 8: significant overlap of methylated loci caused by aging and SL feeding.

(a) Numbers of loci that show increased/decreased DNA methylation from P21

to P180, and those showing higher methylation in SL islets at P21. Out of 790 P21

SL > C loci, 401 also gain DNA methylation with aging (P<0.0001 with v2 test).

(b) All 401 overlapping loci were plotted according to their MSA-seq read num-

bers from P21 to P180 in C (left) and SL islets (right). An obvious trend of increas-

ing DNA methylation can be seen only in C islets.
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endocrine vs. exocrine pancreas MSA-seq analysis. At P21, 1
male offspring from each litter of both groups was used for islet
isolation, and the rest were weaned onto a fixed-formula, soy
protein free diet (2020X; Harlan Teklad, IN) and aged to P180. At
P180, another male offspring from each litter was used for islet
isolation. All animals were handled in accordance with the
Animal Care and Use Committee of Baylor College of Medicine.

Immunocytochemistry and Cell Counting

Paraffin sections (4-mm thick) were prepared from P21 pan-
creata. Sections were double stained for insulin and glucagon
(Abcam #7842 and #18461, respectively), and nuclei stained with
40,6-diamidino-2-phenylindole. The numbers of a (red), b (green)
and other (non-stained) cells were manually counted in a
blinded fashion. Percentage of a or b cells was calculated as the
number of red or green cells divided by the total 40,6-diamidino-
2-phenylindole counting within the islet area. These studies in-
cluded at least 10 different islets from each mouse and included
6 mice per group.

Islet Isolation

Islet isolation was performed as previously described [58].
Briefly, the pancreas was perfused with collagenase P and
digested at 37�C for 10 min. Islets of high purity were obtained
with gradient centrifugation in Histopaque 1100 (Sigma-Aldrich,
MO) followed by three rounds of manual picking under a dark
field stereomicroscope (Supplementary Fig. S6). Islets were im-
mediately stored at �80�C.

Genome-Scale DNA Methylation Profiling

Genome-scale DNA methylation analysis was performed by
MSA-seq, as previously described [18]. GO analysis was per-
formed using the GO enrichment analysis and visualization tool
(Gorilla) [59]; the reference set was composed of genes associ-
ated with potentially informative SmaI/XmaI intervals (those
yielding a total of at least 100 MSA-seq reads across all experi-
mental groups). GO terms associated with at least 4 genes were
considered important. Raw MSA-seq reads are available in GEO
(http://www.ncbi.nlm.nih.gov/geo/) (accession #GSE63811).

Bisulfite-Pyrosequencing

Validation of site-specific DNA methylation differences was
performed by bisulfite pyrosequencing [60]. Genomic DNA
(500 ng) was bisulfite treated and amplified using biotinylated
primers (Supplementary Tables S5 and S8) before sequencing
on a PyroMark MD (Qiagen, CA). Each assay’s sensitivity and
quantitative accuracy were confirmed by running genomic DNA
methylation standards (Supplementary Tables S5 and S8). A
SmaI/XmaI interval was considered validated if either of the
SmaI/XmaI sites showed a methylation difference in the direc-
tion indicated by the MSA-seq data.

Clonal Bisulfite Sequencing

Bisulfite converted DNA was amplified with Ins2 specific pri-
mers designed using MethPrimer (http://www.urogene.org/
methprimer/index1.html) [61] (sense primer: TTTAAGTGGGATA
TGGAAAGAGAGATA and antisense primer: ACTACAATTTCCAA
ACACTTCCCTAATA) and subcloned into pCR2.1 TOPO-TA
(Invitrogen, CA). Sequence data were analysed using the
Quantification tool for Methylation Analysis (http://quma.cdb.

riken.jp/, QUMA, Riken Institute, Japan) [62]. Clones with <95%
of C to T conversion at non-CpG cytosines were excluded.

RNA Isolation and RT-PCR Analysis

Pancreata of P21 mice were injected in situ with RNAlater
(Ambion, NY), excised and immediately placed in a petri dish
containing RNAlater. Adipose tissue was quickly removed and
RNA purified using RNA Stat-60 (Tel-Test, Inc., TX). Following
reverse transcription, quantitative PCR was performed in
triplicate using TaqMan assays (Life Technologies, NY) for
Rab3b (Mm00772238_m1), Cacnb3 (Mm00432233_m1), Ins2
(Mm00731595_gH) and Atp2a3 (Mm00443898_m1); b-actin
(Mm00607939_s1) was used as an endogenous control. Relative
gene expression was quantitated using the 2�DDCt method.

Statistical Methods

Enrichment of SmaI/XmaI cut sites relative to gene regions was
analysed by v2 test. Linear regression analysis was performed
using GraphPadInStat software (GraphPad Software Inc., CA).
Differences in DNA methylation by pyrosequencing were
analysed using repeated-measures analysis of variance (SAS
Proc Mixed), with multiple CpG sites within each gene region
treated as repeated measures. MSA-seq (SmaI/XmaI interval-
specific read counts) and mRNA expression data were analysed
by Student’s t-test (two-tailed, equal variance).

Supplementary Data

Supplementary data are available at EnvEpig online.
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50.Herbach N, Bergmayr M, Göke B, Wolf E, Wanke R. Postnatal
development of numbers and mean sizes of pancreatic islets
and beta-cells in healthy mice and GIPR(dn) transgenic dia-
betic mice. PLoS One 2011;6:e22814.

51.Montanya E, Nacher V, Biarnes M, Soler J. Linear correlation
between beta-cell mass and body weight throughout the life-
span in Lewis rats: role of beta-cell hyperplasia and hypertro-
phy. Diabetes 2000;49:1341–6.

52.Shih HP, Wang A, Sander M. Pancreas organogenesis: from
lineage determination to morphogenesis. Annu Rev Cell Dev
Biol 2013;29:81–105.

53.Zhou Q, Brown J, Kanarek A, Rajagopal J, Melton DA. In vivo
reprogramming of adult pancreatic exocrine cells to beta-
cells. Nature 2008;455:627–32.

54.Ammon HP, Fahmy A, Mark M, Wahl MA, Youssif N. The ef-
fect of glucose on insulin release and ion movements in iso-
lated pancreatic islets of rats in old age. J Physiol (Lond) 1987;
384:347–54.

55.Yang BT, Dayeh TA, Kirkpatrick CL, Taneera J, Kumar R,
Groop L, Wollheim CB, Nitert MD, Ling C. Insulin promoter
DNA methylation correlates negatively with insulin gene ex-
pression and positively with HbA(1c) levels in human pancre-
atic islets. Diabetologia 2011;54:360–7.

56.Robbins GR, Wen H, Ting JP. Inflammasomes and metabolic
disorders: old genes in modern diseases. Mol Cell 2014;54:
297–308.

57.Hartnett L, Egan LJ. Inflammation, DNA methylation and
colitis-associated cancer. Carcinogenesis 2012;33:723–31.

58.Carter JD, Dula SB, Corbin KL, Wu R, Nunemaker CS. A practi-
cal guide to rodent islet isolation and assessment. Biol Proced
Online 2009;11:3–31.

59.Eden E, Navon R, Steinfeld I, Lipson D, Yakhini Z. GOrilla: a
tool for discovery and visualization of enriched GO terms in
ranked gene lists. BMC Bioinformatics 2009;10:48.

60.Waterland RA, Kellermayer R, Rached M-T, Tatevian N,
Gomes MV, Zhang J, Zhang L, Chakravarty A, Zhu W, Laritsky
E et al. Epigenomic profiling indicates a role for DNA methyla-
tion in early postnatal liver development. Hum Mol Genet
2009;18:3026–38.

61.Li LC, Dahiya R. MethPrimer: designing primers for methyla-
tion PCRs. Bioinformatics 2002;18:1427–31.

62.Kumaki Y, Oda M, Okano M. QUMA: quantification tool for
methylation analysis. Nucleic Acids Res 2008;36:W170–5.

12 | Environmental Epigenetics, 2019, Vol. 5, No. 3


