
Glucocorticoid Programming of the Fetal Male
Hippocampal Epigenome
Ariann Crudo, Matthew Suderman, Vasilis G. Moisiadis, Sophie Petropoulos,
Alisa Kostaki, Michael Hallett, Moshe Szyf, and Stephen G. Matthews

Department Pharmacology & Therapeutics (A.C., Ma.S., S.P., Mo.S.), Sackler Program for Epigenetics
and Psychobiology (A.C., Ma.S., Mo.S.), and McGill Centre for Bioinformatics (Ma.S., M.H.) McGill
University, Montreal, Quebec, Canada H3G1Y6; and Department of Physiology (V.M., A.K., S.G.M.),
Departments of Obstetrics and Gynecology (S.G.M.), and Department of Medicine (S.G.M.), University of
Toronto, Toronto, Ontario, Canada M5S 1A8

The late-gestation surge in fetal plasma cortisol is critical for maturation of fetal organ systems. As
a result, synthetic glucocorticoids (sGCs) are administered to pregnant women at risk of delivering
preterm. However, animal studies have shown that fetal exposure to sGC results in increased risk
of behavioral, endocrine, and metabolic abnormalities in offspring. Here, we test the hypothesis
that prenatal GC exposure resulting from the fetal cortisol surge or after sGC exposure results in
promoter-specific epigenetic changes in the hippocampus. Fetal guinea pig hippocampi were
collected before (gestational day [GD52]) and after (GD65) the fetal plasma cortisol surge
(Term�GD67) and 24 hours after (GD52) and 14 days after (GD65) two repeat courses of maternal
sGC (betamethasone) treatment (n � 3–4/gp). We identified extensive genome-wide alterations
in promoter methylation in late fetal development (coincident with the fetal cortisol surge),
whereby the majority of the affected promoters exhibited hypomethylation. Fetuses exposed to
sGC in late gestation exhibited substantial differences in DNA methylation and histone h3 lysine
9 (H3K9) acetylation in specific gene promoters; 24 hours after the sGC treatment, the majority of
genes affected were hypomethylated or hyperacetylated. However, 14 days after sGC exposure
these differences did not persist, whereas other promoters became hypermethylated or hyper-
acetylated. These data support the hypothesis that the fetal GC surge is responsible, in part, for
significant variations in genome-wide promoter methylation and that prenatal sGC treatment
profoundly changes the epigenetic landscape, affecting both DNA methylation and H3K9 acety-
lation. This is important given the widespread use of sGC in the management of women in preterm
labor. (Endocrinology 154: 1168–1180, 2013)

Endogenous glucocorticoids (GCs) are critical for fetal
organ development including the lungs and brain. Syn-

thetic GCs (sGCs) are administered to pregnant women at
risk of delivering preterm, in order to mature lung function
and to reduce respiratory distress syndrome after birth (1).
However, sGC exposure in late gestation can alter normal
brain growth and lead to permanent modifications in
brain structure and function (2). The developing fetal
brain contains high levels of GC receptor (GR) and min-
eralocorticoid receptor (MR) and therefore represents a
primary target of sGCs (3–5). Evidence from animal stud-

ies indicates that maternally administered sGCs in late
gestation can lead to lifelong changes in hypothalamic-
pituitary-adrenal (HPA) axis function and behavior in
adult offspring of numerous species including guinea pigs,
mice, sheep, and nonhuman primates (6–9). More recent
human studies have identified an increased risk of emo-
tional and behavioral abnormalities in children exposed to
elevated GC concentrations in utero by either antenatal
sGC treatment or maternal stress (10, 11). The mechanism
linking elevated GC levels with these abnormalities is cur-
rently unknown; however, substantial evidence has
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emerged indicating that epigenetic mechanisms play a role
in the permanent reprogramming of the genome in re-
sponse to early experiences and exposures (12–14). In fact,
recent evidence has revealed that early nurturing experi-
ence can epigenetically reprogram the GR gene promoter
in the hippocampus of rats (15) and humans (16).

Gene expression can be epigenetically modified
through alterations in DNA methylation and histone
chemical modifications such as histone acetylation (17)
and methylation (18). DNA methylation in promoters and
critical regulatory regions can suppress gene expression,
whereas loss of DNA methylation in these regions is as-
sociated with gene activation (19, 20). Acetylation of the
N-terminus of H3-histones at the K9 residue (21) is a
global mark of gene activity. A bilateral relationship has
been proposed for histone acetylation and DNA methyl-
ation (22). Methylated DNA attracts specific binding pro-
teins that recruit chromatin-silencing complexes that con-
tain histone deacetylases. The presence of deacetylases
results in histone deacetylation (23). In addition, deacety-
lases in association with histone methyltransferases, can
recruit DNA methyltransferases, thus linking chromatin
silencing with DNA methylation (24, 25).

The guinea pig has been used extensively to investigate
the long-term effects of prenatal GC exposure because the
fetal pattern of brain development more closely resembles
that of the human (26). Previous studies have shown that
prenatal sGC exposure results in juvenile and adult guinea
pig offspring that exhibit altered HPA function (27, 28),
locomotor activity, and hippocampal neurotransmission
(29). Most recently, effects on HPA function and behavior
have been identified in second-generation offspring indi-
cating multigenerational effects of prenatal sGC exposure
(30). In addition, we have recently demonstrated that an-
tenatal sGC treatment before the endogenous GC surge
impacts the global DNA methylation state and associated
methylation-related machinery in the fetus and neonate.
Further, these effects are maintained into adulthood and
are also evident in the second generation (31). Together,
these studies indicate that prenatal sGC exposure results in
long-term changes in the regulation of HPA function and
behaviors and that these changes likely involve epigenetic
processes.

Several studies from our laboratory have recently sug-
gested that epigenetic reprogramming in DNA methyl-
ation, histone acetylation, and transcription in response to
different environmental exposures early in life in humans
and rodents is not limited to a small number of candidate
genes but involves several gene networks and functional
genomic pathways (32). The fact that we had observed
global changes in DNA methylation in several tissues in
the fetal and adult guinea pig in response to sGC supports

the hypothesis that the changes in methylation in response
to either a developmental surge in cortisol or sGC treat-
ment involves numerous genes (31). In this study, we
tested this hypothesis by delineating genome-wide pro-
moter methylation and histone h3 lysine 9 (H3K9) acet-
ylation landscapes in the fetal guinea pig hippocampus
before and after the late gestation endogenous cortisol
surge. The hippocampus was selected for this study due to
the fact that it contains very high levels of corticosteroid
receptors (MR and GR) and has been shown to be central
in programming of HPA function and behaviors (2). We
also determined how fetal exposure to sGC affected the
epigenetic landscape of the hippocampus.

Materials and Methods

Female guinea pigs (Hartley strain, Charles River Canada, St
Constant, Quebec, Canada) were housed and bred in our animal
facility as previously described (33). All studies were performed
according to protocols approved by the Animal Care Committee
at the University of Toronto, in accordance with the Canadian
Council for Animal Care.

Pregnant guinea pigs were injected sc with betamethasone
(BETA; phosphate-acetate mix; Betaject, Sabex, Boucherville,
Quebec, Canada; 1 mg kg-1) on gestational days (GD) 40, 41
(period of rapid neurogenesis), 50, and 51 (period of rapid brain
growth) or received no treatment (control; no manipulation
other than weighing, feeding, and changing of cage). In order to
mimic the dose of sGC given to pregnant women in the man-
agement of preterm labor (�0.25 mg kg-1), a 4-fold higher dose
was administered in the guinea pig (1 mg kg-1). This is necessary
because the guinea pig GR has a 4-fold lower affinity for sGCs
than the human GR (34, 35). Pregnant guinea pigs were eutha-
nized on either GD52 (n � 3–4/gp; before the natural cortisol
surge) or GD65 (n � 3–4/gp; after the cortisol surge), under
anesthesia (isoflurane), by decapitation (Term�GD67). This
generated four groups of pregnant guinea pigs; GD52NT (no
treatment; NT), GD52BETA (BETA treated on GD40 and
41 and GD50 and 51), GD65NT (no treatment; NT), and
GD65BETA (BETA treated on GD40 and 41 and GD50 and 51).
Fetuses were removed and immediately decapitated to ensure no
stress activation of cortisol. The hippocampus was dissected and
frozen on dry ice. Guinea pigs deliver two to three offspring per
litter. One male fetus was taken from each litter for subsequent
analysis in order to prevent potential litter bias.

DNA and RNA extraction
Hippocampal DNA and RNA was extracted as previously

described (31). DNA and RNA purity and concentrations were
assessed using spectrophotometric analysis, and integrity was
verified using gel electrophoresis.

Chromatin/DNA immunoprecipitation and
microarray hybridization

The methylated DNA immunoprecipitation (MeDIP) (36)
and the H3K9 acetylation chromatin immunoprecipitation
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(ChIP) assays were adapted and performed as previously de-
scribed (37, 38). The MeDIP assay was performed using an anti5-
methylcytosine antibody (10 �g of antibody per 2 �g of DNA;
Millipore Corp., Billerica, Massachusetts), and the H3K9 acet-
ylation ChIP assay was performed with anti-acetyl-Histone
(H3), lysine 9 (LYS9) antibody (10 �L of antibody per sample;
Millipore), or normal rabbit IgG antibody (10 �g of antibody per
sample; Santa Cruz Biotechnology, Santa Cruz, California). Am-
plification was undertaken using the Whole Genome Amplifi-
cation kit (Sigma-Aldrich, St Louis, Missouri), labeling was per-
formed with the CGH labeling kit (Invitrogen, Life
Technologies, Carlsbad, California), and all the steps of hybrid-
ization, washing, and scanning were performed following the
Agilent Technologies (Santa Clara, California) Mammalian
ChIP-on-chip Protocol version 10.11 (39). DNA from three to
four animals per group was used in the immunoprecipitation
microarray experiments.

DNA methylation and H3K9 acetylation promoter
microarrays

Labeled input and bound DNA samples were hybridized to a
custom-designed 180K probe promoter tiling array (Agilent
Technologies). Transcription start sites from 43 000 genes were
obtained from the Ensembl gene annotation database (version
57.3; http://ensembl.org/) and tiled with probes from 1430 bp
upstream to 350 bp downstream at 100 bp spacing. Agilent’s
Feature Extraction 9.5.3 Image Analysis Software was used to
determine probe intensities from hybridization images, and the
R software environment was used for statistical computing (40).
Log-ratios of the bound (Cy5) to input (Cy3) microarray inten-
sities were determined for each microarray. These ratios were
then normalized using quantile normalization (41) assuming
identical overall distribution of measurement across all samples.

Differential methylation and H3K9 acetylation between
groups of samples was determined in several stages to ensure
both statistical significance and biological relevance, as de-
scribed previously (42). Significance was determined using the
Wilcoxon rank-sum test comparing t-statistics of the probes
within the region against those of all the probes on the microar-
ray and then adjusted to obtain false discovery rates for each
region.

Heat maps were obtained for a given sample group compar-
ison by selecting the 250 probes most significantly associated
with the group variable. The normalized intensities of these
probes were then converted to z-scores across all samples and
mapped to colors ranging from green for negative z-scores (hy-
pomethylation and hypoacetylation) to red for positive z-scores
(hypermethylation and hyperacetylation). Samples and probes
were clustered using the Ward clustering algorithm with corre-
lation as the distance metric. Significances of overlaps between
lists of differentially methylated or acetylated gene promoters
was derived using Fisher’s exact test.

Sodium bisulfite mapping of DNA methylation
In order to validate the microarray data, sodium bisulfite

mapping was performed as previously described (43). Genes
with the largest significant methylation fold-change were se-
lected for validation. Briefly, after bisulfite conversion, gene-
specific PCR amplification of sodium bisulfite-treated DNA was
performed for each animal. The primers used for bisulfite map-

ping do not contain any CG dinucleotide sequences to ensure that
methylated and unmethylated sequences were amplified with
equal efficiency. DNA (4 �g) was utilized for cloning using the
TOPO TA cloning kit (Invitrogen, Life Technologies) as per
manufacturers’ recommendation. DNA, vector, and salt mixture
were added to competent cells and incubated on ice (30 min).
Cells were then heat shocked (30 s, 42°C) and immediately
placed on ice (2 min). Super Optimal Broth with Catabolite re-
pression medium (SOC; 300 �L) was added to competent cells
and incubated (37°C, 45 min). Competent cells were then added
to agar plates with ampicillin (0.1 g/L) and x-gal (40 mg/mL) and
incubated overnight (37°C). Colonies were picked and grown in
lysogeny broth overnight (37°C) on a shaker (225 rpm). Plasmid
DNA was purified with High-Speed Plasmid Mini Kit (Frogga-
Bio, Toronto, Ontario, Canada). Purified DNA from clones was
sent to Genome Quebec facilities for automatic Sanger sequenc-
ing using the M13 reverse primer. Sodium bisulfite conversion
quality was determined from sequencing results, confirming that
C in non-CG sites was converted to T. DNA methylation was
determined from the resulting sequencing at every single nucle-
otide. This was done by assigning a value of 1 to every methylated
CG and a value of 0 to every unmethylated CG. Ten clones from
three animals were sequenced from each group. Statistical anal-
ysis was undertaken using Prism (GraphPad Software, Inc, San
Diego, California). The significance was set at P � .05. Enrich-
ment in treatment compared with control was analyzed using
unpaired t-tests.

Promoter regionsofcandidategeneswereanalyzed todetermine
presence of a GC response element (GRE). Positions of GREs were
established based on consensus sequence. A match to at least one
half of a GRE consensus sequence, AGAACANNNTGTTCT, was
determined to be a GRE site.

Quantitative real-time PCR
Gene expression analysis was also undertaken in the genes

that had been validated by bisulfite sequencing. Reverse tran-
scription was performed using RNA (3 �g) as previously de-
scribed (31). The primers used are presented in Supplemental
Table 1 published on The Endocrine Society Journals’ Online
web site at http://endo.endojournals.org. Statistical analysis was
undertaken using Prism (GraphPad Software, Inc). The signifi-
cance was set at P � .05.

Quantitative ChIP (qChIP)
To validate the H3K9 acetylation ChIP microarrays, gene-

specific real-time PCR was performed as previously described
(31). Genes with the largest significant H3K9 acetylation fold-
change were selected for validation. ChIP DNA was used for
quantitative PCR. Bound and input DNA (50 ng) was used in all
conditions. The relative concentrations were determined for
bound and input samples based on standard curve (slopes were
between �3.1 and �3.5). All samples were run in duplicate, and
analysis of each gene was carried out in triplicate. The concen-
tration of the amplified H3K9 acetylation over the concentration
of the amplified input genomic DNA fraction was used to de-
termine enrichment. Statistical analysis was undertaken using
Prism (GraphPad Software, Inc). Enrichment in treatment com-
pared with control was analyzed using unpaired t-tests. The sig-
nificance was set at P � .05.
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Results

GCs and alterations in genome-wide promoter
DNA methylation

The promoter DNA methylation landscape before
(GD52NT) and after (GD65NT) the endogenous GC
surge is illustrated by the heat map in Figure 1A-I. Similar
heat maps (Figure 1A, II and III) illustrate the effects of
acute (GD52BETA vs GD52NT) and longer-term
(GD65BETA vs GD65NT) effects of sGC exposure on
promoter methylation. The rows of each heat map corre-
spond to the 250 promoters in which methylation levels
differentiate most strongly between the experimental
groups. This analysis reveals a decrease in DNA methyl-
ation in a majority of the promoters that are different
between GD52 and GD65 (endogenous cortisol surge)
(Figure 1A-I) and after acute sGC treatment at GD52 (Fig-
ure 1A-II). However, the longer-term impact of sGCs in
fetuses 14 days after exposure is increased methylation in
most promoters relative to the normal methylation state
(Figure 1A-III).

To characterize the methylation changes after GC ex-
posure, we applied statistical tests to identify all significant
differentially methylated promoters in all three compari-

sons. Significant methylation changes during normal de-
velopment were identified in 271 gene promoters in the
fetal hippocampus (Figure 1B; 65NT–52NT). With re-
spect to fetal sGC exposure, at GD52 (24h after the final
sGC injection), 137 gene promoters were differentially
methylated compared with age-matched controls (Figure
1B; 52BETA–52NT). Interestingly, at GD65 (14 d after
the final sGC injection) 472 gene promoters were differ-
entially methylated compared with age-matched controls
(Figure 1B; 65BETA-65NT). Supplemental Table 2 iden-
tifies the genes that overlap.

A number of the genes differentially methylated after
the cortisol surge between GD52 and GD65 were also
affected by sGC treatment, some showing differential
methylation at GD52 and others showing long-term ef-
fects, at GD65. Of the 271 gene promoters that were dif-
ferentially methylated between GD52 and GD65, 12 were
also significantly affected by acute sGC exposure at
GD52, whereas 58 were also affected at GD65, 14 days
after sGC treatment (Figure 1B). Comparison of the genes
affected by sGC at GD52 and GD65 revealed that only 16
genes were differentially methylated compared with con-
trols at both time points (Figure 1B). In addition, the pro-

I Development II    sGC gestational day 52 III    sGC gestational day 65
GD52 GD65 BETAControl BETAControl

Higher

Lower

Gene Name 65NT-52NT 52BETA-52NT 65BETA-65NT

C1GALT1C1 -2.58 -2.28 2.92
ACVRL1 2.23 2.41 -2.29

B C

199 107

376

12

2
1658

65NT – 52NT 52BETA – 52NT

65BETA – 65NT

******
***

**(271) (137)

(472)

A

GD52 NT GD65 NT GD52 NT GD52 BETA GD65 NT GD65 BETA

Figure 1. Methylation Microarray Summary A, Heat map showing differential promoter DNA methylation in hippocampus after MeDIP
microarray. Normalized signal intensities of probes (250) that significantly change following: I, fetal development (associated with the natural
cortisol surge); II, the acute effect of sGC at GD52; and III, the longer-term effect of sGC at GD65. Each row represents one promoter, and each
column represents an individual fetus. Red indicates higher signal and increased levels of DNA methylation whereas green indicates lower signal
and lower methylation. B, A Venn diagram illustrating the number of genes that have significant differential methylation within each group and
the number of significant genes that overlap between groups. The numbers in brackets indicate the total number of genes with differential
methylation. C, The methylation profiles of the two genes that exhibited significant differential methylation in all three comparisons. The numbers
represented in the table are the methylation fold-change values. A significant effect is represented as ** (P � .01) and *** (P � .001).
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moters of two genes were significantly differentially meth-
ylated in all three groups (P � .001; Figure 1B). The
methylation profiles of core 1 beta3-galactosyltrans-
ferase-specific molecular chaperone (C1galt1c1) and ac-
tivin A receptor (Acvrl1) indicate that immediately after
treatment, sGCs prematurely mature the methylation pro-
file, mimicking development. However, as development
progresses, the methylation profile of these genes becomes
inverted (Figure 1C).

Validation of MeDIP microarrays with bisulfite
sequencing

Methylation differences observed on the MeDIP mi-
croarrays were validated for MR (Nr3C2), baculoviral
IAP repeat containing 2 (Birc2), E74-like factor 5 (Elf5),
and ubiquitin protein ligase E3A (Ube3a) by bisulfite se-
quencing. Microarray data identified a decrease in meth-
ylation for both Nr3c2 and Birc2 in animals after the en-
dogenous prepartum GC surge. Bisulfite sequencing of
Nr3c2 confirmed the observed decrease in methylation in
GD65 animals, where CG site 2 contains a significant de-
crease (72%) in methylation (P � .0001; Figure 2A). Birc2
showed one CG site with significant demethylation at
GD65, which was accurately validated, indicating a sig-
nificant decrease (73%) in methylation with advancing
gestation (P � .01; Figure 2B). Microarray analysis re-
vealed that at GD52, sGC-exposed animals showed hy-
permethylation in the Elf5 gene promoter region. Bisulfite
sequencing showed that in comparison to control, the
GD52 sGC animals exhibited a consistent increase in
methylation across four of five CG sites analyzed, with a
significant increase at CG site 1 of 65% and CG site 2 of
45% (P � .01, P � .01; Figure 2C). The Ube3a gene
promoter showed increased methylation in sGC-exposed
animals at GD65. This hypermethylation state of Ub3a in
GD65 sGC-treated animals was confirmed, showing a sig-
nificant increase in methylation at CG site 2 (60%; P �
.01; Figure 2D).

Impact of development and sGC on mRNA levels
of candidate genes

In the fetal hippocampus, mRNA levels were deter-
mined for a number of candidate genes shown to have
changes in promoter DNA methylation. With respect to
normal development, hippocampal levels of Nr3C2 and
Birc2 mRNA were significantly increased at GD65 com-
pared with GD52 (P � .0001; Figure 3, A and B). These
increases in gene expression corresponded to promoter
hypomethylation (Figure 2, A and B). With respect to sGC
treatment, at GD52, Elf5 mRNA levels were significantly
increased compared with controls (P � .05; Figure 3C),
although this was associated with hypermethylation (Fig-

ure 2C). At GD65, sGC treatment resulted in a significant
reduction in levels of hippocampal Ube3a mRNA com-
pared with control (P � .05; Figure 3D), and this was
associated with promoter hypermethylation (Figure 2D).

GCs and genome-wide promoter acetylation
Genome-wide landscapes of H3K9 acetylation associ-

ated with promoter regions were generated for hip-
pocampi derived at GD52 and GD65. Our analysis did not
detect a significant change in H3K9 promoter acetylation
during normal development. We did, however, identify
acute and longer-term effects of sGC exposure on pro-
moter H3K9 acetylation that were highly significant (Fig-
ure 4). At GD52, sGC-exposed fetuses exhibited a broad
change in histone acetylation with an effect on 1530 pro-
moters. However, this difference was decreased by GD65
because only 393 promoters were differentially acetylated
in the sGC-treated fetuses. Only 50 promoter differences
were similar between the sGC groups at GD52 and GD65
(Figure 4B). As expected from this small overlap between
the two time points, the functions of the genes also dif-
fered. For a comprehensive list of genes that overlap see
Supplemental Table 3.

Validation of H3K9 ChIP microarrays with qChIP
H3K9 acetylation ChIP microarrays were validated by

qChIP for zinc finger, AN1-type domain 6 (Zfand6), fi-
broblast growth factor 2_cavia porcellus (Fgf2_Cavpo),
and ATPase type 13A3 (Atp13a3). An enrichment of
H3K9 acetylation was detected by microarray analysis for
both Zfand6 and Fgf_Cavpo gene promoters in sGC-
treated animals at GD52 (Figure 5, A and B). These results
were confirmed through qChIP, which showed significant
hyperacetylation for both genes (P � .05, P � .001; Figure
5, D and E). Microarray data indicated a hyperacetylation
state for the gene promoter of Atp13a3 in GD65 animals
prenatally exposed to sGC (Figure 5C). These higher levels
of acetylation were observed again through qChIP, illus-
trating a highly significant increase in acetylation in sGC-
treated animals at GD65 (P � .001; Figure 5F).

The interaction of DNA methylation and histone
acetylation

The impact of sGC exposure on the relationship be-
tween DNA methylation and H3K9 acetylation is illus-
trated in Figure 6. Previously, we have shown coordinated
changes in DNA methylation and histone acetylation in
response to maternal care (14). We therefore predicted
that changes in DNA methylation and histone acetylation
might target the same promoters. However, there is little
overlap between the promoters that are differentially
methylated and those that are differentially acetylated af-
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+200 +80 -20 -160 -220 -400 -750

CG 3 CG 2 CG 1

GD52 NT

Methylation:
65NT-52NT

GD65 NT

VS.

GRE GRE GRE

601 3 2 1 609 3 2 1 612 3 2 1 600 3 2 1 608 3 2 1 611 3 2 1

Nr3C2

-3.29

+1.32

GD52 NT

Methylation:
65NT-52NT

GD65 NT

VS.

BIRC2
-180 -560

CG 1

CC22
-889

601 1 609 1 612 1 600 1 608 1 612 1

Birc2

-5.24

+1.14

A

B

Figure 2. MeDIP Microarray Validation Methylation differences detected by microarray analysis for (A) Nr3c2, (B) Birc2, (C) Elf5, and (D)
Ube3a were validated with bisulfite sequencing. 1) Schematic representation of the promoter region of each gene analyzed. CG sites are
annotated relative to the transcription start site (TSS; indicated by arrow) of each gene, where each circle corresponds to one CG site.
Predicted locations of GREs are also indicated. The observed tracks in the UCSC Genome Browser are shown, where the mean DNA
methylation differences between different treatment groups are illustrated. Each bar represents a differently methylated region as shown by
the microarray data. The black bars indicate mean increases in methylation, and gray bars correspond to decreases in methylation. The y-axis
represents the methylation fold-change. 2) Bisulfite mapping analysis of sequences. Each grouping represents a different animal, with n � 3
per treatment group. Each column represents a CG dinucleotide, and each row represents an independent clone. A gray square represents a
methylated CG dinucleotide, and a white square represents an unmethylated CG dinucleotide. The CG sites, depicted by a box, represent
the sites analyzed in bisulfite sequencing.
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ter sGC treatment at either GD52 or GD65. At GD52, a
single gene (thioredoxin reductase 3; Trxr3) exhibited a
significant increase in both DNA methylation and H3K9
acetylation, whereas seven genes were significantly hy-
pomethylated and hypoacetylated (P � .05; Figure 6A). By
GD65, the significant interaction between differentially
methylated and acetylated genes increased after sGC treat-
ment, 17 gene promoters are both hypomethylated and
hypoacetylated (P � .001; Figure 6B), and 31 gene pro-
moters are both hypermethylated and hyperacetylated
(P � .001; Figure 6B). For a comprehensive list of genes
that overlap see Supplemental Table 4.

Discussion

Antenatal sGC treatment has been shown to have a wide-
spread impact on physiologic function after birth and into
adulthood (2, 28, 44). In this study, we used the guinea pig
to determine whether the underlying mechanisms medi-
ating the effects of antenatal sGC involve epigenetic mod-
ifications. Based on previous data from our laboratory, we
reasoned that GCs would affect gene networks, and we
therefore used a genome-wide approach to examine this
question in the fetal hippocampus. By expanding our anal-
ysis beyond the candidate gene approach, and using high-

GD52 NT

Methylation:
52BETA-52NT

GD52 BETA

VS.

-100 -120 -160

CG 5 CG 4 CG 3 CG 2 CG 1

-240 -260
GRE GRE

601 5 4 3 2 1 609 5 4 3 2 1 612 5 4 3 2 1 604 5 4 3 2 1 606 5 4 3 2 1 613 5 4 3 2 1

Elf5

-1.03

+3.22

GD65 NT

Methylation:
65BETA-65NT

GD65 BETA

-30 -140 -280

CG 2 CG 1

GRE GRE GRE

VS.

600 2 1 608 2 1 612 2 1 48 2 1 59 2 1 62 2 1

Ube3a

-1.75

+2.25

C

D

Figure 2. (Continued).
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density tiling microarrays, we were able to delineate mod-
ifications to the epigenetic landscape after the gestational
GC surge, and antenatal sGC treatment. We have identi-
fied extensive genome-wide alterations in promoter DNA
methylation in late fetal development (coincident with the
fetal cortisol surge); most methylation changes involved
hypomethylation or demethylation. No significant
changes in H3K9 acetylation were observed during this
stage of development. However, it is possible that there
was inter-animal variation within the acetylation profiles
that resulted in our inability to detect overall significant
differences. Overall, these data are consistent with the hy-
pothesis that GCs act as an essential signal or trigger for
neurodevelopment (45) and suggest that the effects of GC
exposure are mediated, in part, though mechanisms that
include DNA methylation.

Previously, we have shown that with advancing gesta-
tion there were modifications in the global state of DNA
methylation in several organ systems, including the brain
(the cerebellum). Similar changes in methylation were ob-
served after maternal sGC treatment. Further, changes in
methylation were associated with altered expression of
genes involved in methylation (31). One other study also
correlated increased levels of fetal endogenous GCs with

permanent demethylation of a key
enhancer of the rat liver-specific ty-
rosine aminotransferase (Tat) gene
(46). As a result of this demethyl-
ation, enhanced transcription factor
binding was identified, which was
observed long after the GC exposure
(46). Thus, DNA demethylation
served as a memory of the transient
early exposure to GCs. In the present
study, we have shown that fetuses
exposed to sGC in late gestation ex-
hibit substantial genome-wide dif-
ferences in DNA methylation and
H3K9 acetylation in specific gene
promoters. Differential methylation
and acetylation were observed in a
number of genes as quickly as 24
hours after the final sGC treatment.
Most genes affected became hypom-
ethylated or hyperacetylated, which
is consistent with genome activation.
Further, more genes showed signifi-
cant variation in methylation and
acetylation 14 days after the final
sGC treatment. Surprisingly, at
GD65, 14 days after sGC exposure,
these differences in methylation do

not persist, but return to control levels, and a different set
of promoters become hypermethylated or hypomethy-
lated (Figure 1A-III). Similarly, the overall acetylation
landscape is further modified, between 1 day and 14 days
after sGC exposure (Figure 4A).

After sGC withdrawal, the impact on the epigenome
remains and continues to modify the epigenetic landscape.
This suggests that DNA methylation changes that are trig-
gered by the transient exposure to sGC do not leave a
permanent fixed memory in the epigenome as predicted by
experiments with single-candidate genes (46), but rather
launch a “dynamic” trajectory of changes in DNA meth-
ylation that evolve with time in the absence of further sGC
exposure. Thus, the epigenome serves as a dynamic mem-
ory of early transient exposure to sGC rather than a static
fixed change. In this connection, it is possible that the
initial alterations in DNA methylation and chromatin
modification trigger downstream changes in methylation
in different genes. This could happen if some of the dif-
ferentially methylated genes act as direct or indirect trans-
acting regulators of methylation and chromatin modifi-
cation of downstream genes. Feedback activity by these
downstream target genes could, in turn, revert the state of
methylation or chromatin modification of the upstream

Figure 3. Expression Analysis of Candidate Genes with Differential Methylation Levels of mRNA
were determined for genes validated to exhibit differential methylation. Hippocampal mRNA
levels were determined for (A) Nr3c2 and (B) Birc2, before (n � 3; open bars), and after (n � 3;
solid bars) the endogenous cortisol surge. Hippocampal mRNA levels of were determined
between sGC treatment (1 mg kg�1; n � 3; solid bars) and nontreated controls (n � 3; open
bars) at GD52 for (C) Elf5 and at GD65 for (D) Ube3a. All mRNA expression is relative to the
Gapdh reference gene (which did not change with treatment). Data are presented as mean �
SEM. A significant difference is represented as * (P � .05) and *** (P � .001).
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genes. Unraveling the hierarchical relationships among
the genes involved in this cascade will require future
studies.

During pregnancy, circulating cortisol levels are 5- to
10-fold higher in the maternal plasma compared with the
fetus (47). This gradient results from a relatively inactive
fetal adrenal combined with the presence of 11�-hydrox-
ysteroid dehydrogenase type 2 (11�-HSD2) in the pla-
centa. 11�-HSD2 catalyzes the conversion of active cor-
tisol to its inactive metabolite, cortisone (48). Previously,
we have shown a significant decrease in placental 11�-
HSD2 in late pregnancy in the guinea pig, resulting in
increased transfer of maternal cortisol to the fetus (48).
This occurs in parallel with an increase in fetal HPA ac-
tivity, leading to the fetal GC surge (49, 50). This surge is
associated with the maturation of several organ systems

including the brain (1). Our present
data support the possibility that
these cortisol-induced developmen-
tal changes involve, at least in part,
epigenetic mechanisms.

It is possible that the methylation
changes observed in fetal develop-
ment are being driven by other de-
velopmental mechanisms. For exam-
ple, fetal thyroid hormone levels
increase in late gestation. Although
these increases in thyroid hormone
have been linked to the endogenous
GC surge, thyroid hormones are in-
dependently involved in maturation
of the fetal brain, heart, lung, and
digestive system (51–53). The spe-
cific role of the endogenous cortisol
surge in the epigenetic changes iden-
tified in the present study could be
tested in future studies by pharma-
cologically inhibiting the endoge-
nous cortisol surge in late gestation.

Our analysis allowed us to com-
pare the epigenomic impact of mat-
uration in late gestation (coincident
with the endogenous cortisol surge)
with an earlier pharmacologic expo-
sure to sGC. A simplistic model
would predict that sGC exposure
might mimic the natural endogenous
cortisol surge and precociously alter
the developing epigenome. This fun-
damental model underlies the use of
sGC treatment to promote fetal lung
development in preterm infants.

However, it must also be acknowledged that there are
significant differences between the actions of cortisol and
sGC. For example, cortisol binds to both GR and MR
whereas sGCs bind GR but not MR (54). sGC can also
bind the pregnane-X-receptor (PXR) and may mediate
effects via this route (55). The differences between the
DNA methylation responses to sGC or endogenous cor-
tisol may result from the fact that sGC exposure occurs at
an earlier time point than endogenous cortisol and, as
such, may act on a different epigenomic matrix. With re-
spect to the longer-term effects of sGC (ie, at GD65) on the
fetal hippocampal epigenome, it is also important to con-
sider the possibility that earlier sGC exposure alters the
subsequent endogenous fetal GC surge, or other endocrine
systems such as the thyroid axis (53). Further studies are

Figure 4. Acetylation Microarray Summary. A, Heat maps showing differential promoter
acetylation after H3K9 ChIP microarray. Normalized signal intensities of probes (1000) that
significantly differentiate between sample groups. The differentially acetylated sites were plotted
to reveal the landscape of histone acetylation after exposure to sGC at GD52 and GD65. Each
row represents one promoter, and each column represents an individual fetus. Red indicates
higher signal and increased acetylation whereas green indicates lower acetylation. B, A Venn
diagram illustrating the number of genes that have significant differential acetylation within each
group and the number of significant genes that overlap between groups. The numbers in
brackets indicate the total number of genes with differential acetylation. A significant effect is
represented as ** (P � .01).
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required to investigate these possibilities in the context of
the developing epigenome.

In most, but not all, cases, histone acetylation and DNA
methylation act in combination to affect gene expression
(22). However, in the present study, no interaction be-
tween H3K9 acetylation and DNA methylation was ob-
served. In response to sGCs, promoters undergo changes
in either DNA methylation or H3K9 acetylation. This sug-
gests that alternative strategies are utilized to affect dif-
ferent sets of genes, perhaps depending on the presence or
absence of specific methyltransferases and/or deacety-
lases. In future experiments, it will be important to deter-
mine the mechanism underlying the relationship observed
for DNA methylation and histone acetylation changes in
response to sGCs. There are multiple forms of histone
modifications, and therefore, sGC exposure may lead to
other acetylation changes at sites such as H3K14, H4K5,
or H4K12 (17). Further, it is important to note that, like
all methods, microarray-based techniques have a number
of limitations, such as: 1) The intensity of each probe only
provides a weighted average of differential methylation
and acetylation. 2) Methylation and acetylation are only
measured within promoters. 3) Probe intensities provide

relative measurements of methylation and acetylation,
rather than absolute levels.

To further determine the implications of these epige-
netic changes on gene expression, we examined the ex-
pression of the candidate genes validated for differential
DNA methylation. Analysis of Nr3c2 and Birc2 mRNA
revealed significant increases in expression with advanc-
ing development, which was inversely correlated with
methylation. Further, Ube3A also revealed an inverse cor-
relation between expression and methylation. However,
expression analysis of Elf5 identified a positive correlation
between expression and methylation, whereby hyper-
methylation was associated with increased gene expres-
sion. Perhaps the site where methylation was observed in
the promoter of Elf5 acts as binding site for a repressor,
and therefore, methylation of this site would prevent bind-
ing of the repressor, leading to an increase in expression.
Overall, these data indicate that changes in the epigenome
associated with development and sGC treatment are as-
sociated with altered levels of expression of a number of
candidate genes. Further studies are required to determine
the implications of sGC treatment on genome-wide gene
expression.
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Bioinformatic analysis of the gene networks that were
differentially methylated and acetylated in response to
sGCs revealed that cardinal genes involved in nervous sys-
tem, cardiovascular, and endocrine development are tar-
geted (Supplemental Figures 1 and 2). It suggests that the
functional roles of the genes affected are implicated in
cardiovascular disease, hepatic system disease, and endo-
crine disorders that have been previously noted to be af-
fected by sGCs in long-term follow-up studies (56–59).
Antenatal sGC exposure has been shown to impact the
development of cardiac noradrenergic and sympathetic
processes and modify several metabolic processes in the
heart (56–58, 60). Several studies have demonstrated that
increased fetal GC exposure in late gestation is associated
with adult hypertension, insulin resistance, type 2 diabe-
tes, and cardiovascular disease (9, 59, 61). GCs are also
known to play an important role in maturing the devel-
oping central nervous system, and prenatal sGC exposure
has been shown to alter brain structure and synapse for-
mation (62, 63). Determining the functional roles of the
genes impacted by exposure to increased GCs in utero
provides a means to understand the diverse phenotypes
associated with antenatal sGC exposure.

In the present study, we have identified a large number
of hippocampal gene promoters that undergo altered

methylation and acetylation after sGC exposure. It is
likely that some of these epigenetic changes underlie the
altered physiologic function and behaviors identified in
juvenile and adult offspring. For example, sGC exposure
resulted in a 3.3-fold increase in methylation of the GR
promoter at GD65; this may underlie long-term changes in
regulation of HPA function. sGC treatment also had sub-
stantial acute effects on the methylation of several genes
associated with synaptic transmission. For example, al-
tered methylation was observed for 1) synaptotagmin 4
(Syt4), a gene involved in Ca2�-dependent exocytosis of
secretory vesicles (2.41-fold decrease); 2) reticulon 4 re-
ceptor (Rtn4R), a myelin-associated glycoprotein known
to regulate axonal regeneration and plasticity in the adult
central nervous system (4.06 fold-increase); and 3) leu-
cine-rich repeat transmembrane neuronal 3 (Lrrtm3), a
gene involved in nervous system development (2.97 fold-
decrease). These differences may underlie the long-term
changes in behavior and neurodendocrine function after
antenatal sGC treatment.

GCs are known to alter gene expression in a number of
ways. The most direct mechanism involves the binding of
GCs to the GR or MR, which then undergo dimerization
and translocation to the nucleus to directly interact with
the GRE on the gene promoter (64). Alternatively, GCs
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acute effects of sGC at GD52 (panel A) and the long-term effect of sGC at GD65 (panel B). Venn diagrams are shown for the interaction between
1) hypermethylation and hypoacetylation; 2) hypomethylation and hyperacetylation; 3) hypomethylation and hypoacetylation; and 4)
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can act indirectly through the activation or repression of
transcription factors, which regulate the expression of tar-
get genes (65). In this study, we observed, however, a
broad epigenetic response: only a small number of genes
affected are predicted to contain GREs (Supplemental Fig-
ure 3). This might indicate that GC exposure influences
genes involved in gene networks or transcription factors,
thus generating a much broader epigenetic response.

In conclusion, this study has shown, for the first time,
that the endogenous GC surge in late gestation is associ-
ated with maturation of the fetal methylome. Our data
suggest that the prepartum GC surge is responsible, in
part, for developmental changes in genome-wide pro-
moter methylation. Prenatal sGC exposure, before the GC
surge, has a very profound effect on the epigenetic land-
scape, impacting both DNA methylation and H3K9 acet-
ylation. However, it is now clear that the variations in
promoter methylation and acetylation associated with
sGC exposure are different from those identified during
normal development (ie, after the natural GC surge). Fur-
ther, profound effects of sGCs are evident on the fetal
epigenome, up to 14 days after exposure. These data pro-
vide strong evidence that juvenile and adult metabolic,
endocrine, and behavioral phenotypes associated with
prenatal sGC treatment may be mediated, in part, by epi-
genetic mechanisms. This study has substantial relevance
to clinical practice, because all pregnant women at risk of
delivering preterm are treated with sGC in late gestation.
Further studies are required to investigate the association
of altered epigenetic state after sGC with the modified
phenotype that occurs in juvenile and adult offspring that
were prenatally exposed to sGC.
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