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Intrauterine growth restriction (IUGR) increases susceptibil-
ity to age-related diseases, including type 2 diabetes (T2DM),
and is associated with permanent and progressive changes in
gene expression. Our study was designed to test whether epi-
genomic dysregulation mediates the cellular memory of this
intrauterine event. To test this hypothesis, we isolated pancre-
atic islets from control and IUGR (induced by bilateral uterine
artery ligation at day 18 of fetal life) animals at 7 weeks of age.
Using the HELP (HpaII tiny fragment enrichment by ligation-
mediated PCR) assay, we generated the first DNA methylation
map at almost 1million unique sites throughout the rat genome
in normal pancreatic islet cells, allowing us to identify the
changes that occur as a consequence of IUGR.Wevalidated can-
didate dysregulated loci with quantitative assays of cytosine
methylation and gene expression. IUGR changes cytosinemeth-
ylation at �1,400 loci (false discovery rate of 4.2%) in male rats
at 7 weeks of age, preceding the development of diabetes and
thus representing candidate loci formediating the pathogenesis
of metabolic disease that occurs later in life. Epigenetic dys-
regulation occurred preferentially at conserved intergenic
sequences, frequently near genes regulating processes known
to be abnormal in IUGR islets, such as vascularization, �-cell
proliferation, insulin secretion, and cell death, associated
with concordant changes in mRNA expression. These results
demonstrate that epigenetic dysregulation is a strong candidate
for propagating the cellular memory of intrauterine events,

causing changes in expression of nearby genes and long term
susceptibility to type 2 diabetes.

Perturbations in the intrauterine environment resulting in
poor fetal growth increase the susceptibility for age-related
diseases, particularly type 2 diabetes mellitus (T2DM)4 and
cardiovascular disease (1, 2). Moreover, intrauterine growth
restriction (IUGR) can cause permanent and progressive
changes in gene expression, affecting important metabolically
active tissues such as pancreatic islets (3–6). These changes are
often present at birth or during early life, and can precede the
development of overt disease in rodents by months and in
humans by decades. Although the mechanisms that may medi-
ate the “fetal origin of adult disease” (7) remain unclear, dys-
regulation of the epigenome could play an important role and
may explain the changes in gene expression that are heritably
maintained through cell divisions in IUGR animals throughout
life (8).
We have developed an animal model of IUGR caused by

uteroplacental insufficiency, which limits the supply of critical
substrates (e.g. nutrients, oxygen, growth factors, and hor-
mones) to the fetus (9). This deficient intrauterine environment
affects fetal development through permanent and progressive
dysregulation of gene expression and function of susceptible
cells (e.g. pancreatic �-cells) and leads to the development of
T2DM in adulthood (3, 6, 9). In particular, expression of pan-
creatic and duodenal homeobox 1 (Pdx1), a transcription factor
critical for the regulation of pancreatic development and �-cell
differentiation, shows progressive decline in IUGR offspring,
with a complete absence of Pdx1 levels in adult rats (3). More-
over, this decline in gene expression is associated with progres-
sive changes in epigenetic regulation at the Pdx1 proximal pro-
moter, through early and progressive alterations in histone
post-translational modifications. DNA methylation at this
locus is not acquired until much later in life (10).
Previous studies have focused primarily on the identification

of epigenetic dysregulation at specific candidate sites, often at
promoters of genes of interest (10). In this report, we use the
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genome-wide HELP assay (11), to define patterns of cytosine
methylation at almost 1 million loci in IUGR and control rats.
Both groups of animals were studied at the age of 7 weeks, prior
to the onset of hyperglycemia in the IUGR animals (12), thus
avoiding the confounding effects of overt diabetes. Dysregula-
tion of pancreatic islet �-cell function and development plays a
central role in the pathogenesis of diabetes in humans and ani-
mal models of IUGR (13). We therefore chose to study isolated
pancreatic islets, consisting of �95% �-cells by cellular mass
(14), as candidates for mediating the functional consequences
of IUGR-induced epigenetic changes. Comparison of IUGR
with normal rats revealed changes in DNA methylation at a
number of novel loci, not limited to canonical CpG islands or
promoters. The specific loci affected are in proximity to genes
with important roles in � cell function and development. Epi-
genomic dysregulationmay thereforemediate the cellularmem-
ory of intrauterine events that are causally associatedwith adult
disease susceptibility.

EXPERIMENTAL PROCEDURES

Bilateral Uterine Artery Ligation and Pancreatic Islet Iso-
lation—Surgical methods have been described previously (9).
On day 18 of gestation, time-dated Sprague-Dawley pregnant
rats underwent bilateral uterine artery ligation. Controls
underwent sham surgery. Pregnant rats were allowed to deliver
spontaneously, and the litter size was randomly reduced to 8 at
birth to assure uniformity of litter size between IUGR and con-
trols. IUGR and control pups were fostered to unoperated nor-
mal female rats and remained with their foster mothers until
they were weaned. Onlymale animals were studied to avoid the
potentially confounding influence of hormonal variability. Pan-
creatic islets were isolated using the Ficoll gradient method
(Scharp (48)) from 8 litters each of 7-week-old IUGR and con-
trol animals, with islets pooled from a litter as previously
described (9). Freshly isolated islets were used for all studies. To
remove the confounding factors contributed by even slight dif-
ferences in purity between islet preparations, we use quantita-
tive RT-PCR to determine the relative levels of endocrine (insu-
lin) and exocrine (amylase) gene expression levels in each
sample as previously described (15). This approach allowed us
to determine that there was negligible exocrine tissue contam-
ination of isolated pancreatic islets. Using total pancreas RNA
for comparison and quantitative RT-PCR, we calculated the
enrichment of endocrinemRNA for each of our samples, which
averaged 99.1%. Similarly, �-cell fold enrichment (using insulin
and glucagon) of islet preps averaged 94.6%. These studies were
approved by the Animal Care Committee of the Children’s
Hospital of Philadelphia and the University of Pennsylvania.
HELP Assay—To define genome-wide patterns of DNA

methylation in isolated pancreatic islets of IUGR offspring and
controls, we used a high resolutionmicroarray-based approach
(HELP (11, 16)) designed to test almost a million sites through-
out the rat genome, representing promoters, CpG islands, CG
clusters (17), genes, and intergenic regions. Genomic DNAwas
isolated, digested to completion by either HpaII or MspI sepa-
rately, and ligated to a mixture of two adapters with overhang-
ing ends complementary to those generated by the restriction
digestion. The adapters were used for ligation-mediated PCR to

generate products predominantly in the 50- to 2000-bp size
range (11). Following PCR, theHpaII andMspI representations
were labeledwith different fluorophores using randompriming
andwere then cohybridized on a customized genomicmicroar-
ray representing 917,301HpaII/MspI fragments of 50–2000 bp
in the rat genome.
Microarray Data Analysis—Microarray data were pre-pro-

cessed and subject to quality control and quantile normaliza-
tion as we have previously described (15). HpaII/MspI ratio
valueswere then compared between groups for all loci through-
out the rat genome using a standard t test for IUGR (n � 4) and
controls (n � 4). Changes in methylation state were defined
using a HpaII/MspI ratio threshold of zero, where heavily
methylated and relatively hypomethylated loci had ratio values
less than and greater than zero, respectively. An ordered list
of differences was generated using the formula: �log(p) �
�IUGR� control�. Thismethod, similar to amodified t test (18),
places more weight on the -fold change relative to the within-
group variability. However, unlike p values based on the modi-
fied t test, computed values are not interpreted in these studies
as a probabilistic quantity, and instead are used exclusively to
rank and isolate important loci for further validation.
Ingenuity Pathway Analysis—The top 100 loci, identified by

means of the ranking system described above, were mapped to
RefSeq gene identifiers by location �100 kb upstream of the
transcription start site or overlapping the gene body. The list of
RefSeq identifiers was then uploaded to the Ingenuity Pathway
Analysis program (Redwood City, CA) and mapped to corre-
sponding gene objects (focus genes) in the Ingenuity Pathways
Knowledge Base, enabling exploration of ontology and molec-
ular interaction networks. Core networks were constructed for
both direct and indirect interactions using default parameters.
The ranking score for each network was then computed by a
right-tailed Fisher’s exact test as the negative log of the proba-
bility that the number of focus genes in the network is not due
to random chance. Similarly, significances for functional en-
richment of specific genes were also determined by the right-
tailed Fisher’s exact test, using all genes on the microarray as a
reference set.
Bisulfite MassArray Validation—Target regions were

amplified by PCR using the primers and cycling conditions
described in supplemental Table 1. Primers were selected
withMethPrimer (available on-line) using parameters as fol-
lows: 250–450 bp amplicon size, 56–60 °C Tm, 24–30 bp
length, and �1 CG in product. PCR reactions were carried out
using the Roche FastStart High Fidelity Kit. In cases where
products showed primer-dimer or nonspecific amplification,
expected bands were excised from 2% agarose gels, purified
by the Qiagen Gel Extraction Kit, and eluted with 1� Roche
FastStart High Fidelity Reaction Buffer (�MgCl2). Sequenom
MassArray assays were performed using the company’s stan-
dard protocol through Einstein’s Genomics Shared Facility.
Matched peak data were exported using EpiTYPER software
and analyzed for quality and single nucleotide polymorphisms
using analytical tools that we have developed (19).
Gene Expression by RT-PCR—mRNA expression levels were

determined for eight genes by quantitative RT-PCR. These
genes were chosen for having either no changes in methylation
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in their vicinity (Hint3, Dnmt3a, Dnmt3b, and Gadd45a) or,
from the top 100 loci with methylation changes, those with
multiple reproducible changes nearby (Fgfr1, Gch1, Vgf, and
Pcsk5). Total RNA was extracted from islets of 7-week-old
IUGR and control animals (n � 5 from each group) using
TRIzol (Invitrogen). Integrity was confirmed on anAgilent Bio-
analyzer. cDNAwas generated using the SuperScript II Reverse
Transcriptase kit (Invitrogen), and real-time quantitative PCR
was carried out in triplicate using an ABI 7900HT Real Time
PCR system with SYBR Green Master Mix (Applied Biosys-
tems). Results were normalized to �-actin expression and
expressed as -fold change compared with control rats. Intron-
spanning primers were designed to target exons conserved
across the maximal number of expressed mRNA transcripts in
the rat genome (primers are listed in supplemental Table 2).

RESULTS

Distinct Patterns of DNA Methylation in IUGR and Control
Rats—We performed a whole genome cytosine methylation
assay on pancreatic islets isolated at 7 weeks from Sprague-
Dawley rats in each of two groups: IUGR offspring (n � 4)
and their sham-operated controls (n � 4), and confirmed
overall data quality for each sample as previously described
(15). To detect global patterns of epigenomic change distin-

guishing IUGR and control animals,
we compared one thousand ran-
domly selected loci to generate a
representative heat map. This unsu-
pervised clustering approach showed
consistent patterns of methylation
across all samples, without any
apparent global shift toward hypo-
or hypermethylation in the IUGR
group (supplemental Fig. 1). Global
Pearson correlation coefficients
were calculated for the methylation
patterns for each pair of samples,
confirming a high degree of inter-
sample consistency (R� 0.90–0.96,
supplemental Fig. 2).
To detect locus-specific epige-

netic changes, t tests comparing
IUGR and control animals were
applied to all individual loci repre-
sented on our arrays. This analysis
yielded a subset of potentially in-
formative sites with statistically sig-
nificant differences in methylation.
Fig. 1A shows the overall distribu-
tion of p values observed for IUGR
compared with controls, with a
comparable p value distribution cal-
culated for grouping by random
permutation (Fig. 1B), reflective of
what we would see under the null
distribution of no group effect. The
IUGR and control group compari-
sons identify consistently and dis-

tinctively methylated loci, with 237 candidate loci enriched for
highly significant group differences (p � 1.0 � 10�6, chosen
because no iterations of random permutation had a p value
below 1.08 � 10�6), and an additional 1675 loci with moderate
group differences (p � 0.0001). Additionally, we applied signif-
icance analysis of microarrays (18) to the data and show a
resulting Q–Q plot (supplemental Fig. 3), which demonstrates
�1,400 changes in methylation with an estimated false discov-
ery rate of 4.2%. We created a heat map of the top 1000 differ-
entiallymethylated loci and found that this subset of loci readily
distinguishes between IUGR and controls, without an overall
tendency toward decreased or increased methylation in either
group (Fig. 1C).
Genomic Distributions of Cytosine Methylation—The ge-

nomic distributions of methylation were determined for both
normal and IUGR pancreatic islets. The data were partitioned
into three non-overlapping subsets: (i) consistently hypo-
methylated sites in both normal and IUGR tissues (average
log2(HpaII/MspI) � 2); (ii) consistently hypermethylated sites
(average log2(HpaII/MspI) � �1); and (iii) the top 1000 differ-
entially methylated loci. The observed number and associated
probabilities of whole and partial sequence overlaps with CpG
islands, CG clusters (17), conserved elements, repeat-masked
sequences, gene bodies, and promoters were determined for

FIGURE 1. Significant differences in cytosine methylation between IUGR and control rats. A, histogram
distribution of p values calculated from an unpaired t test of IUGR (n � 4) in one group and controls (n � 4) in
another, with p values along the x axis and frequency along the y axis. B, the analogous comparison with data
obtained from a representative random grouping (n � 4 per group). C, heat map of the top 1000 loci that
distinguish IUGR from control rats. Each row in this heat map corresponds to data from a single locus, whereas
columns correspond to individual samples, IUGR (����) and controls. The branching dendrogram corre-
sponds to the relationships among samples, as determined by clustering using these 1000 sites. IUGR and
controls show similar numbers of loci becoming relatively hyper- and hypomethylated (red to yellow,
respectively).
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each of these subsets of loci (supplemental Table 3) usingUCSC
Genome Browser annotation data (20).
Because there has never been a report of genome-widemeth-

ylation patterns in rat, nor in normal pancreatic islets, we first
investigated the distribution of cytosine methylation in the
control animals, focusing on sites that are constitutively hypo-
or hypermethylated in all samples. The distributions we
observed for genomic sequence compartments in normal islets
were consistent with prior studies in other mammals, with
hypomethylated loci highly enriched at CpG islands and CG
clusters (Fig. 2), as observed in human and mouse (17, 21).
Additionally, hypomethylated loci were highly enriched at pro-
moters, and to a lesser extent in gene bodies and conserved
sequences (Fig. 2). Repetitive sequences tended to be constitu-
tively hypermethylated (Fig. 2), as has been previously observed
in other species (22). Normal pancreatic islets therefore have
overall patterns of methylation typical of primary cells from
Eutherian mammals. This reference cytosine methylation map
is the first published for the rat genome and the first for pan-
creatic islets in any species, and is available both from the Gene
Expression Omnibus (GEO) (accession number: GSE16839)
and as an open-access University of California Santa Cruz
genome browser-compatible resource available on-line.
We next investigated how these normal patterns of cytosine

methylation are dysregulated in IUGR islets. The 1000 most
differentiallymethylated lociwereunder-representedatgenebod-
ies and promoters as well as CpG islands and CG clusters (Fig. 2).
However, they were highly enriched at conserved non-coding
intergenic sequences, which may represent important cis-regula-
tory sites influencing local gene expression (23). The cytosine
methylation data from the IUGR animals are also provided as a
University ofCalifornia SantaCruzgenomebrowser trackon-line.

Quantitative Validation of DNA Methylation States—We
confirmed our HELP results with a quantitative validation
approach, bisulfite MassArray (24), focusing initially on four
loci, two each representing constitutively hypomethylated and
constitutively methylated sites identified by the HELP assay.
Supplemental Fig. 4 shows a strong inverse correlation between
methylation values determined independently for these loci by
HELP and MassArray, confirming our ability to quantify the
methylation status in these samples.
We then testedwhether the cytosinemethylation differences

found by HELP in IUGR rats compared with controls could be
validated by bisulfite MassArray. Upstream of the GTP cyclo-
hydrolase 1 (Gch1) gene, the HELP assay identified multiple
neighboring changes, with increased methylation in IUGR
comparedwith control rats (supplemental Fig. 5). Among these
sites, we identified a region located near a highly conserved
non-coding element (present in allmammalian species)�45 kb
upstream of the Gch1 transcription start site. Differences in
methylation at this site were confirmed by bisulfite MassArray,
with hypermethylation in IUGR compared with controls at an
informative HpaII site (86.3% and 53.1% methylation, respec-
tively; p � 0.003) and multiple neighboring CG dinucleotides
(72.8% and 55.7% average overall methylation, respectively; p�
0.01) (Fig. 3A), consistent with the HELP data (log2(HpaII/
MspI) � �0.27 � 0.27 and 2.69 � 0.59, respectively; p � 4.3 �
10�6). This degree of difference of cytosine methylation is of
the magnitude we observe for tissue-specific differences in
methylation at other loci (supplemental Fig. 6). Using our
recently published analytical pipeline for bisulfite MassArray
data (19), we identified one single nucleotide polymorphism
in this region that confounded interpretation of methylation

FIGURE 2. Genomic feature distributions of HELP data. Frequencies were calculated for the overlap between four sets of loci (all loci, constitutively
hypomethylated, constitutively hypermethylated, and top 1000 differentially methylated) with 7 genomic features (gene body, 10 kb upstream of promoter,
intergenic region, conserved element, repetitive element, CpG island, and CG cluster). Associated probabilities that observed differences are non-random
(tailed hypergeometric distribution) are shown in supplemental Table 2. Most differential methylation occurs at intergenic and conserved sequences.

Epigenetic Dysregulation in Rat IUGR

15114 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 20 • MAY 14, 2010

http://www.jbc.org/cgi/content/full/M109.095133/DC1
http://www.jbc.org/cgi/content/full/M109.095133/DC1
http://www.jbc.org/cgi/content/full/M109.095133/DC1
http://www.jbc.org/cgi/content/full/M109.095133/DC1
http://www.jbc.org/cgi/content/full/M109.095133/DC1


status at a single CG dinucleotide (Fig. 3A); therefore, this site
was removed from consideration.
We tested the cytosinemethylation status for the Pdx1 prox-

imal-promoter region. Experimental IUGR causes a permanent
and progressive decrease in expression of Pdx1, which is asso-
ciated with progressive epigenetic changes from a hypomethy-
lated state at 2 weeks of age and culminating in DNA hyper-
methylation in the adult rat at age 6 months (10). In our
7-week-old rats we found the Pdx1 proximal-promoter

region to be hypomethylated in
islets and indistinguishable from
control animals (Fig. 3B). These
findings are consistent with our
previous studies in islets from
young adult IUGR animals (10),
narrowing the window in which
the methylation is acquired to
between 7 weeks and 6–8 months.
Molecular Interaction Networks

of Genes Associated with Epigene-
tic Dysregulation—We next inves-
tigated whether genes associated
by proximity to the loci manifest-
ing epigenetic dysregulation in
IUGR shared any common func-
tional roles or relationships. We
performed ingenuity pathway anal-
ysis on the top 53 of 100 loci, which
were linked to RefSeq-annotated
genes (within 100 kb upstream of
the transcription start site or
within the gene body). Almost half
of the 53 genes tested were associ-
ated together in a single functional
network centered on a collection
of important metabolic and cellu-
lar regulators, including extracellu-
lar signal-regulated kinase, protein
kinase B, and nuclear factor kap-
pa-B (NF�B) (with an associated
chance of �10�49% that this net-
work might arise randomly) (sup-
plemental Fig. 7). This network also
showed interaction of multiple
genes directly relevant to �-islet
cells, including integrin �5 (Itgb5),
glycogen synthase kinase 3� (Gsk3b),
and vascular growth factor nerve
growth factor inducible (Vgf). Inge-
nuity pathway analysis further
revealed that the top 53 genes dys-
regulated in IUGR were signifi-
cantly enriched for functions in
endocrine development (p � 3.1 �
10�3), cellular proliferation and
growth (p � 2.7 � 10�3), and cell
death (p � 2.1 � 10�3), consistent
with our previous observations

of impaired �-cell proliferation and increased cell death in this
model (3, 6). Cytosinemethylation changes in islets from IUGR
rats are therefore enriched near RefSeq genes that are candi-
dates for mediating the later T2DM phenotype.
Gene Expression Analysis—To test whether these mostly

non-promoter cytosinemethylation changes were having func-
tional effects on gene expression, quantitative RT-PCR was
used to determinemRNAexpression levels for eight genes, four
of which had methylation changes identified by HELP located

FIGURE 3. Bisulfite MassArray validation confirms IUGR-specific hypermethylation of the Gch1 locus.
MassArray was performed for two genomic regions as described by the PCR conditions in supplemental
Table 1. Three replicate assays were performed for each of three IUGR offspring and controls. A, MassArray
validation results are shown as group-median percent methylation values with standard error bars (y axis) for
each individual CG site (in sequential order along the x axis). IUGR is depicted with red lines and diamonds,
whereas control data are shown in black lines and filled circles. HpaII sites are highlighted by yellow rectangles.
One single nucleotide polymorphism (SNP) was identified in the underlying genomic sequence and was
removed from affected samples in the dataset (blue, starred symbol). B, MassArray data are similarly shown for
a second genomic region at the Pdx1 gene. No differences in DNA methylation were observed at this age, with
relative hypomethylation in all samples.

Epigenetic Dysregulation in Rat IUGR

MAY 14, 2010 • VOLUME 285 • NUMBER 20 JOURNAL OF BIOLOGICAL CHEMISTRY 15115

http://www.jbc.org/cgi/content/full/M109.095133/DC1
http://www.jbc.org/cgi/content/full/M109.095133/DC1
http://www.jbc.org/cgi/content/full/M109.095133/DC1
http://www.jbc.org/cgi/content/full/M109.095133/DC1


an average of �45 kb upstream of their transcription start sites
(fibroblast growth factor receptor 1 (Fgfr1), Gch1, histidine
triad nucleotide-binding protein 3 (Hint3), and Vgf) and one of
which was differentially methylated within 750 bp of its tran-
scription start site (proprotein convertase subtilisin/kexin type
5 (Pcsk5)). The remaining three (DNA methyltransferases 3a
and 3b (Dnmt3a and Dnmt3b) and growth arrest and DNA-
damage-inducible 45 alpha (Gadd45a)) are knownor candidate
regulators of global DNA methylation patterns (25, 26) but
showed no appreciable change in cytosine methylation by our
HELP analysis. We detected significant changes in mRNA
expression levels for IUGR compared with control animals at
Fgfr1 (increased 3.2 � 0.2-fold), Gch1 (decreased 2.8 � 0.01-
fold),Pcsk5 (decreased 3.2� 1.0-fold), andVgf (decreased 2.6�
0.8-fold), with p � 0.01 for all these loci (Fig. 4). These changes
correlated with differences in DNAmethylation observed, with
hypomethylation in IUGR rats compared with controls at Fgfr1
and hypermethylation at Vgf, Gch1, and Pcsk5 (Fig. 4;
supplemental Table 4). Although the HELP assay initially iden-
tified differences in methylation at Hint3, it was subsequently
confirmed that these changes were artifacts due to multiple
single nucleotide polymorphisms (Fig. 3A). Correspondingly,
we observed no differences in gene expression at the Hint3
locus (Fig. 4). Moreover, Dnmt3a, Dnmt3b, and Gadd45a are
all similarly expressed in IUGR offspring and controls, indicat-
ing that the differences in DNA methylation we observed
throughout the genome are independent of transcription levels
for these regulators of cytosine methylation.

DISCUSSION

Our work contributes the first genome-wide study of DNA
methylation in rats and in normal pancreatic islets and uses this
foundation to define abnormal patterns in islets from a well
characterized model of T2DM. We found that experimentally
induced IUGR in the rat causes consistent and non-random
changes in cytosinemethylation, affecting�1%ofHpaII sites in

the genome. The majority of these changes take place not at
promoters but at intergenic sequences, many of which are evo-
lutionarily conserved. Furthermore, some of these loci are in
proximity to genes manifesting concordant changes in gene
expression and are enriched near genes that regulate processes
that are markedly impaired in IUGR islets (e.g. vascularization,
proliferation, insulin secretion, and cell death) (3, 6, 9, 27). This
epigenomic dysregulation precedes the development of diabe-
tes and is therefore a potential mediator of the pathogenesis of
the disease, preserving cellular memory of the long antecedent
intrauterine event. Finally, our identification of differential
methylation at conserved intergenic and potentially cis-regula-
tory sites emphasizes the limitations of study designs that focus
solely on promoters and/or CpG islands.We show that changes
in methylation, even when not located at promoters, are corre-
lated with transcriptional changes at adjacent genes, consistent
with suggestions from previous studies (28).
One gene in particular, GTP cyclohydrolase 1 (Gch1),

showed almost a 3-fold reduction in mRNA expression, asso-
ciated with hypermethylation at a conserved intergenic site
�45 kb upstream of the gene itself. Additionally, down-regula-
tion of Gch1 is associated with hyperglycemia secondary to
progressive �-cell dysfunction (impaired glucose-stimulated
insulin secretion) and �-cell loss (reduced number and prolif-
eration) inTcf1 (hepatocyte nuclear factor 1-�) knock-outmice
(data from Ref. 29 and associated Gene Expression Omnibus
(GEO) dataset GSE3544).Gch1 is a crucial (rate-limiting) com-
ponent of the tetrahydrobiopterin synthetic pathway and has
been directly implicated in diabetes-associated endothelial dys-
function through its critical role in nitric oxide (NO) synthesis
(30, 31). Interestingly, folate supplementation of protein-re-
stricted dams, known to buffer against changes in DNA meth-
ylation (32), prevented the development of hypertension and
reduced NO synthesis and endothelial dysfunction that was
otherwise observed in male offspring (33, 34). We hypothesize
that the Gch1 down-regulation we observed with IUGR could
play a role in the progressive �-cell decline that we have previ-
ously observed (9), through direct effects on the �-cells or islet
vascularization (27).
At all four of the candidate genes with cytosine methylation

changeswewere able tomeasure changes in transcription, indi-
cating that the genome-wide methylation changes are likely to
affect transcription at many loci. In general, these changes
occurred at genes involved in cellular growth and development,
some implicated in pancreatic function. For instance, the fibro-
blast growth factor receptor 1 (Fgfr1) is expressed in �-cells,
dependent upon Pdx1 activity, and is directly involved in �-cell
function and glucose homeostasis (35). Furthermore, Fgfr1 sig-
naling is modulated by the �-cell microenvironment, in partic-
ular the extracellular matrix deposited by apposing endothelial
cells (36–39). Interestingly, depletion of laminin from the
extracellular matrix, which may indicate immature, impaired,
or damaged vascular endothelial cells (40, 41), increases Fgfr1
levels and activity (36). We hypothesize that the up-regulation
of Fgfr1 we observed could indicate dysregulation of the �-cell
and vascular endothelial microenvironment, either in addition
to or associated with the depletion of Gch1. The Pcsk5 gene,
where we found differential methylation at the promoter re-

FIGURE 4. Quantitative RT-PCR shows changes in mRNA expression con-
cordant with the cytosine methylation changes. Primers were designed to
target mRNA transcripts for eight loci, four of which were genes associated
with differential methylation (Fgfr1, Vgf, Gch1, and Pcsk5), and four with no
changes in methylation, including Hint3 and three genes regulating cytosine
methylation (Gadd45a, Dnmt3a, and Dnmt3b). Average log2 ratio (� S.D.) of
IUGR expression data relative to controls was calculated for each gene. The
color scheme indicates corresponding methylation data (green for hypom-
ethylation, red for hypermethylation) in IUGR samples compared with con-
trols. All methylation values displayed are from HELP data except Hint3, for
which MassArray data proved more reliable because of a local sequence
polymorphism.
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gion, is a subtilisin/kexin-like proprotein convertase that may
impair�-cell activity through Igf1 receptor (42)- and bonemor-
phogenetic protein-4 (43)-mediated pathways (44, 45). More-
over, Pcsk5, which is the major regulator of �v integrin activity
(46), interacts in pancreatic islets with �5 integrin to maintain
�-cell adhesion to the extracellular matrix (47). Of note is that
the gene for �5 integrin is also among the top 100 differentially
methylated loci identified in this study, with hypermethylation
in IUGR comparedwith control islets at a site�48 kb upstream
of the transcription start site (supplemental Fig. 8). Taken
together, these changes and functional associations are sugges-
tive of a deficient �-cell microenvironment in IUGR and may
explain some of the �-cell phenotype observed in IUGR islets
(3, 6, 27).
We tested animals at 7 weeks, prior to the onset of mild

fasting hyperglycemia (9). At this age,�-cell remodeling is com-
plete and the animal has gone through puberty, thus avoiding
confounding variables due to either of these physiologic states.
This 7-week time point also enabled us to study the epigenome
in the absence of overt hyperglycemia, which subsequently
begins to develop in IUGR animals. On the other hand, we note
that animals at 7 weeks already exhibit altered metabolism (e.g.
redox state and insulin levels (6)), which may contribute to the
altered epigenetic states that we have observed in IUGR islets.
As such, we cannot determine whether the IUGR-inducing
environment contributes to the altered epigenetic states that
we have observed in IUGR islets by direct or indirect mecha-
nisms. It is in fact possible that the epigenome may be influ-
enced by multiple such mechanisms, both direct and indirect.
Irrespective of the exact etiology, it is clear that IUGR induces
both altered epigenetic patterns and gene expression programs,
observable in IUGR animals as early as 7 weeks.
In conclusion, our study has found evidence of early epige-

netic dysregulation in pancreatic islets that may mediate, in
whole or in part, the long term consequences of a deficient
intrauterine environment. Epigenetic dysregulation is there-
fore a strong candidate for mediating the cellular memory that
allows these fetal events to confer susceptibility to adult disease.
By using a genome-wide approach, we have uncovered repro-
ducible and validated changes in cytosine methylation that
occur predominantly at candidate cis-regulatory elements and
are associated with local transcriptional dysregulation. Al-
though the direct causality and subsequent physiologic conse-
quences of these altered epigenetic states remain unclear, this
genome-wide approach to studying cytosine methylation pro-
vides a novel means of gaining insights into the pathogenesis of
T2DM.
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