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Abstract

Maternal perturbations or sub-optimal conditions during fetal development can predispose the

offspring to diseases in adult life. Animal and human studies show that prenatal androgen

excess may be an underlying cause of polycystic ovary syndrome (PCOS) later in life. In women,

PCOS is a common fertility disorder with comorbid metabolic dysfunction. Here, using a sheep

model of PCOS phenotype, we elucidate the epigenetic changes induced by prenatal (30–90 day)

testosterone (T) treatment and its effect on gene expression in fetal day 90 (D90) and adult

year 2 (Y2) ovaries. RNA-seq study shows 65 and 99 differentially regulated genes in prenatal

T-treated fetal and adult ovaries, respectively. Interestingly, there were no differences in gene

inducing histone marks H3K27ac, H3K9ac, and H3K4me3 or in gene silencing marks, H3K27me3

and H3K9me3 in the fetal D90 ovaries of control and excess T-exposed fetuses. In contrast, except

for H3K4me3 and H3K27me3, all the other histone marks were upregulated in the prenatal T-treated

adult Y2 ovary. Chromatin immunoprecipitation (ChIP) studies in adult Y2 ovaries established a

direct relationship between the epigenetic modifications with the upregulated and downregulated

genes obtained from RNA-seq. Results show increased gene inducing marks, H3K27ac and H3K9ac,

on the promoter region of upregulated genes while gene silencing mark, H3K9me3, was also

significantly increased on the downregulated genes. This study provides a mechanistic insight

into prenatal T-induced developmental programming and its effect on ovarian gene expression

that may contribute to reproductive dysfunction and development of PCOS in adult life.
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Summary sentence

A direct correlation between changes in epigenetic marks and gene expression in adult ovaries

from prenatal T-treated sheep establishes epigenetic changes as one of the underlying causes for

differential expression of genes in PCOS ovary.
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Introduction

In women, polycystic ovary syndrome (PCOS) is a common
endocrine disorder, affecting 9–18% reproductive aged women
[1]. PCOS is characterized with hyperandrogenism, infertility and
comorbid metabolic dysfunctions. Despite years of research, the
underlying cause of PCOS is still unknown. During gestation,
perturbation or sub-optimal conditions in the maternal environment
are now recognized as the contributing factors to the onset of many
diseases, manifesting in adulthood [2, 3].

It is well-established that adverse intrauterine condition can
permanently reprogram the metabolism and growth of the fetus
[4]. Various animal models (mice, rats, primates, and sheep), as
well as epidemiological studies in humans now show that prenatal
androgen excess can be an underlying cause for the pathophysiology
of polycystic ovary syndrome (PCOS), involving oligo/anovulation,
polycystic ovaries, hyperandrogenism, and insulin resistance [5–9].
While the concept of fetal programming has been widely accepted
to be involved in the “Developmental Origins of Health and
Disease” (DOHaD) paradigm, the underlying mechanism is poorly
understood.

In this study, we have used a well-established sheep model of
PCOS phenotype [9] to understand how prenatal exposure to excess
testosterone (T) reprograms the fetus to develop PCOS character-
istics later in life. Given that the sheep is a precocial (follicular
differentiation occurs before birth) species like humans, it is con-
sidered as an excellent animal model to study developmental pro-
graming. Moreover, the reproductive and metabolic developmental
trajectory of the sheep follows a similar developmental timeline as
in humans, with hypothalamus, ovarian follicle formation, and pan-
creatic functional differentiation occurring during pregnancy [10].
Previous studies show that in the sheep, excess prenatal T exposure
leads to neuroendocrine problems [11–13], ovarian disruptions, like
abnormal ovarian cycle, anovulation, and multifollicular ovaries [10,
14], and metabolic deficits, like insulin resistance [15] and cardiovas-
cular disease [16], which are very similar to fertility and metabolic
disorders in women with PCOS [1, 17]. It is now well-established
that prenatal exposure to excess T may cause PCOS and/or PCOS
like phenotype later in life, but how this occurs is not known.

Epigenetic changes in response to external stimuli are considered
by far the most likely mechanism by which the intrauterine envi-
ronment affects health and disease of the offspring [18–20]. Early-
life insults/adversity may result in stable changes to the epigenotype
of germ and somatic cells, having long-term implications [18, 19,
21]. Epigenetic modifications can modulate chromatin compaction
and thus gene accessibility through covalent modifications of DNA
and histones. In DNA, modifications involve methylation, hydrox-
ymethylation, formylation, and carboxylation of 5’ DNA cytosine
residues in CpG sequences. Moreover, histones are subject to a
myriad of modifications in their N-terminal tails and to a smaller
degree in the C-terminal tails and globular domains, respectively
[22]. Modifications of the histone proteins are established either by

acetylation, methylation, phosphorylation, or ubiquitination and can
be modified by different types of histone-modifying enzymes that can
be broadly divided into three categories: writers, readers, and erasers.
Epigenetic “writers”, such as histone methyltransferases (HMT), his-
tone acetyltransferases (HAT), DNA methyltransferases (DNMT),
and kinases add methyl or acetyl groups to lysine and arginine
residues on histone tails and methyl groups to CpG sites on DNA, as
well as phosphorylate-specific amino acid residues in histones. These
modifications are interpreted by effector proteins called “readers”,
like methyl-CpG-binding proteins (MBDs) and proteins containing
histone methylation-binding or acetylation-binding domains that
further reorganize the histones. Moreover, “erasers”, such as phos-
phatases, histone demethylases (HDMC), and deacetylases (HDAC)
can remove the phosphorylation, methylation, and acetylation marks
from DNA and histones, respectively [23, 24]. Essentially, all these
epigenetic modifications regulate gene expression by altering the
state of chromatin accessibility to transcriptional machinery and/or
affecting the ability of transcriptional activators and repressors to
bind to specific DNA promotors/regions. Collectively, epigenetic
modulation of gene expression can result in a change in cellular
phenotype without affecting the actual genotype.

Till date, while there have been numerous studies focused on
DNA methylation profiling in understanding PCOS [25–27], studies
on histone modifications and its contribution to the development of
PCOS are limited. Here, using the sheep as a model, we investigate
the level of specific histone modifications and their regulatory role in
gene expression in fetal and adult ovaries isolated from prenatal T-
treated sheep. This study provides a mechanistic insight into prenatal
T-induced developmental programming and its manifestation in
ovarian dysfunction and development of PCOS in adult life.

Materials and methods

Ethics statement

Animal care, treatment, and all animal procedures used in this study
were performed by Institutional Animal Care and Use Committee of
the University of Michigan.

Breeding and prenatal treatment

Details of prenatal treatments to generate prenatal T-treated groups
have been described previously [28]. Briefly, prenatal T-treated
sheep were generated by intramuscular administration of 100 mg
of 1.2 mg/kg T propionate (Sigma-Aldrich Corp.) suspended in
cottonseed oil to pregnant Suffolk sheep twice weekly from Days
30 to 90 of gestation. The dose of T was chosen based on earlier
studies [29, 30] that have been shown to cause PCOS phenotype in
adult life. Control breeders were injected with the vehicle for the
same duration. Ovaries were collected on fetal Day 90 (D90) and
adult year 2 (Y2). For collection of ovaries from fetuses, dams were
euthanized by administration of a barbiturate overdose (Fatal Plus;
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Vortech Pharmaceuticals, Dearborn, MI), and fetuses were removed.
As outcomes can be affected by stage of the estrous cycle, the adult
year 2 (Y2) females were given two 20 mg injections of Prostaglandin
F2α (PGF2α; 5 mg/mL Lutalyse; Pfizer Animal Health, New York,
NY) 11 days apart to induce luteolysis and synchronize the initiation
of the follicular phase in cycling females. Ewes were euthanized 28 h
after the second PGF2α injection, and ovaries were collected during
the follicular phase [31]. Fresh flash frozen tissues were briefly
minced and sonicated in the lysis buffer (300–450 μL for 50 mg
tissue) containing inhibitors to get the protein and DNA for Western
blot and ChIP, respectively.

RNA isolation and RNA-seq

Total RNA was extracted from fresh frozen whole ovary samples
using Qiagen RNeasy Plus Universal mini kit followed by the man-
ufacturer’s instructions (Qiagen, Hilden, Germany). RNA samples
were quantified using Qubit 2.0 Fluorometer (Life Technologies,
Carlsbad, CA, USA), and RNA integrity was checked using Agilent
TapeStation 4200 (Agilent Technologies, Palo Alto, CA, USA). RNA
integrity number (RIN) for all the samples was between 7.3 and 9.2.
RNA sequencing libraries were prepared using 500 ng RNA and the
NEBNext Ultra RNA Library Prep Kit for Illumina using the man-
ufacturer’s instructions (NEB, Ipswich, MA, USA). Briefly, mRNAs
were initially enriched with Oligod (T) beads. Enriched mRNAs were
fragmented for 15 min at 94 ◦C. First strand and second strand
cDNA were subsequently synthesized. cDNA fragments were end-
repaired and adenylated at 3’ends, and universal adapters were
ligated to cDNA fragments, followed by index addition and library
enrichment by PCR with limited cycles. The sequencing library was
validated on the Agilent TapeStation (Agilent Technologies, Palo
Alto, CA, USA) and quantified by using Qubit 2.0 Fluorometer
(Invitrogen, Carlsbad, CA) as well as by quantitative PCR (KAPA
Biosystems, Wilmington, MA, USA). The sequencing libraries were
clustered on a single lane of a flowcell. After clustering, the flowcell
was loaded on the Illumina HiSeq instrument (4000 or equivalent)
according to the manufacturer’s instructions. The samples were
sequenced using a 2x150bp Paired End (PE) configuration. The
total number of reads/sample was 45–50 million. Image analysis
and base calling were conducted by the HiSeq Control Software
(HCS). Raw sequence data (.bcl files) generated from Illumina HiSeq
were converted into fastq files and de-multiplexed using Illumina’s
bcl2fastq 2.17 software. One mismatch was allowed for index
sequence identification.

Bioinformatics analysis

After investigating the quality of the raw data (the quality was judged
based on Illumina’s Q score, which represents the error rate at each
base, built on a log10 score), sequence reads were trimmed to remove
possible adapter sequences and nucleotides with poor quality using
Trimmomatic v.0.36. The trimmed reads were mapped to the refer-
ence ovine genome available on ENSEMBL (Oaries_v3.1.90) using
the STAR aligner v.2.5.2b. The STAR aligner uses a splice aligner that
detects splice junctions and incorporates them to help align the entire
read sequences. BAM files were generated as a result of this step.
Unique gene hit counts were calculated by using feature Counts from
the Subread package v.1.5.2. Only unique reads that fell within exon
regions were counted. After extraction of gene hit counts, the gene
hit counts table was used for downstream differential expression
analysis. Using DESeq2 R package, differentially expressed genes
(DEGs) were identified between control (n = 3) and T treatment

(n = 3) for fetal D90 and control (n = 3) and T (n = 4) for adult Y2,
respectively. The heat maps were constructed using rlog-transformed
values obtained from RNA-seq data followed by z-normalization
for both fetal D90 and adult Y2 ovaries. The Wald test was used
to generate P-values and Log2 fold changes. Genes with adjusted
P-values < 0.05 and absolute log2 fold changes > 1 were called
differentially expressed genes for each comparison (all differentially
expressed genes for fetal D90 and adult Y2 are in supplemental
figures) [32]. Identification of biological canonical pathways affected
by the significant differentially expressed genes was performed with
Ingenuity Pathway Analysis (Figure 3A–D) and Function Enrich-
ment (Supplemental Figure S1) software. Gene ontology studies were
done using DAVID to identify general biological processes affected
by the significant differentially expressed genes (Figure 3E–H) in
fetal D90 and adult Y2 ovaries.

Western blot analysis

Using the whole ovary collected on fetal Day 90 (D90) and adult year
2 (Y2) at the end of second breeding season from the control and pre-
natal T experimental groups, western blot analysis was performed as
described previously [33–35]. Primary antibodies (1:1000 dilution)
used were: H3K27ac, H3K9ac, H3K4me3, H3, H3K27me3, and
H3K9me3 (Supplemental Table S1). Western blot data were quan-
tified by densitometric analysis as described previously [34]. Briefly,
protein levels were determined using computer-aided densitometry
and expressed as relative increase to H3 protein vs. control. Each
experiment consisted of n = 3 ovaries from fetal D90 and adult Y2
animal per treatment group (control and T).

Chromatin immunoprecipitation (ChIP) assay

Using the whole ovary collected from the adult year 2 (Y2) at the end
of second breeding season from the control and prenatal T experi-
mental groups, ChIP was performed as described previously [33, 35–
37] with MAGnify Chromatin Immunoprecipitation System (Invitro-
gen), according to the manufacturer’s instructions. Briefly, chromatin
fragments were immunoprecipitated with Dynabeads coupled with
ChIP grade rabbit polyclonal (Abcam) anti-H3K27ac, anti-H3K9ac,
and anti-H3K9me3 (Supplemental Table S1), and quantitative PCR
was performed using EXPRESS SYBR GreenER qPCR SuperMixes
(Invitrogen). ChIP primers designed for different genes are shown in
Supplemental Table S2. IgG was used as non-specific control. N = 3
ovaries from fetal D90 and adult Y2 animals per treatment group
(control and T) were used for ChIP studies.

Statistical analysis

Data are presented as mean ± SEM. Statistical analysis was per-
formed using GraphPad Prism version 7 (GraphPad Software Inc,
California, USA). Statistical comparisons were made by two-tailed
unpaired t-test (for comparing two groups), one-way ANOVA fol-
lowed by Tukey’s post hoc analysis (for comparing multiple groups),
or two-way ANOVA followed by Tukey’s post-hoc analysis (for
comparing multiple groups and variables), and results with P ≤ 0.05
were considered significant.

Results

Prenatal T treatment causes differential gene

expression in fetal and adult ovaries

According to the RNA-seq data, all the quality control parameters
were within the acceptable ranges. In fetal D90 ovary, a total of 50

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioaa007#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioaa007#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioaa007#supplementary-data
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Figure 1. Prenatal T exposure causes differential gene expression in fetal day 90 (D90) ovaries. Top 5 upregulated and downregulated genes for fetal D90 ovary

within differentially expressed genes and its corresponding heat map (A–C). The heat map is constructed using rlog-transformed values obtained from RNA-seq

data followed by z-normalization for fetal D90 ovaries. The Wald test was used to generate P-values and Log2 fold changes. Genes with adjusted P-values < 0.05

and absolute log2 fold changes > 1 were used as the threshold and called differentially expressed genes for each comparison

annotated differentially expressed ENSEMBL genes were detected
in T vs. control ovaries. Out of these genes, 31 were upregulated
and 19 were downregulated genes. Intriguingly, 15 genes were novel
genes that were unannotated out of which 10 were upregulated and
5 were downregulated genes. Figure 1A shows the heat map of all
the significant differentially expressed genes in the fetal ovary, while
Figure 1B and C shows the top 5 upregulated and downregulated
genes, respectively. In the adult Y2 ovary, comparing prenatal T vs.
control, a total of 74 annotated differentially expressed ENSEMBL
genes were detected, out of which 44 were upregulated and 30 were
downregulated. There were 25 unannotated novel genes in the Y2
ovaries, out of which 15 were upregulated and 10 were downregu-
lated genes. Figure 2A shows heat map of all the significant differ-
entially expressed genes in the adult ovary, while Figure 2B and C
shows the top 5 upregulated and downregulated genes, respectively.
The complete list of significant differentially expressed genes from
fetal D90 and adult Y2 is shown in Supplementary data S1 and S2,
respectively.

Identification of biological canonical pathways affected by the
significant differentially expressed genes was performed with Inge-
nuity Pathway Analysis (Figure 3A–D) and Function Enrichment
(Supplemental Figure S1) software. Gene ontology studies were done
using DAVID to identify general biological processes affected by the
significant differentially expressed genes (Figure 3E–H) in fetal D90
and adult Y2 ovaries. The Ingenuity Pathway Analysis results are
presented as negative logarithm of the significance level and shows
that downregulated genes in fetal D90 ovary affect pregnenolone,
glucocorticoid, and androgen biosynthesis pathways (Figure 3B). In
contrast, in the adult Y2 ovary, it is the upregulated genes that
affect the same above pathways (Figure 3C). Similarly, functional
enrichment analysis in fetal D90 ovary revealed that downregu-

lated genes enriched ovarian steroidogenesis, glucocorticoid, and
mineralocorticoid metabolism (FDR ≤ 0.05), while in adult Y2
ovary, it was the upregulated genes that enriched the same pathways
(FDR > 0.05) (Supplemental Figure S1). Like Ingenuity Pathway
Analysis and Function Enrichment analyses, gene ontology also
shows that downregulated genes in fetal D90 ovaries primarily
affected the steroid metabolism. Additionally, in the prenatal T-
treated adult ovaries, gene ontology analysis indicates inflammatory-
immune response and steroid metabolism to be the most affected
process by the upregulated genes, while signal transduction the
primary process to be affected by downregulated genes.

Prenatal T treatment modifies histone marks in the

adult sheep ovary

Given the importance of histone modifications in regulation of gene
expression, we checked whether prenatal T treatment modulates key
histone marks in the fetal and/or in the adult ovary. For our studies,
we choose H3K27me3 and H3K9me3, which are gene repressive
marks and H3K27ac, H3K9ac, and H3K4me3, which are gene
inducing marks. Results show that prenatal T treatment did not have
any effect on both gene repressive (H3K27me3 and H3K9me3) and
inducing (H3K27ac, H3K9ac, and H3K4me3) marks compared to
control (Figure 4). In contrast, in adult ovaries isolated in Y2, while
there was no significant difference in H3K27me3 mark (Figure 5A
upper panel and B), ovaries isolated from prenatal T-treated animals
had significantly more H3K9me3 (Figure 5A middle panel and C)
mark compared to ovaries isolated from control animals. With
respect to gene inducing histone marks, H3K27ac (Figure 5D and E)
and H3K9ac (Figure 5D and F) were significantly higher in prenatal

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioaa007#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioaa007#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioaa007#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioaa007#supplementary-data
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Figure 2. Prenatal T exposure causes differential gene expression in adult year 2 (Y2) ovaries. The top 5 upregulated and downregulated genes for adult Y2 ovary

within differentially expressed genes and its corresponding heat map (A–C). The heat map is constructed using rlog-transformed values obtained from RNA-seq

data followed by z-normalization for adult Y2 ovaries. The Wald test was used to generate P-values and Log2 fold changes. Genes with adjusted P-values < 0.05

and absolute log2 fold changes > 1 were used as the threshold and called differentially expressed genes for each comparison. Genes chosen for ChIP studies

are shown by arrows in the heat map.

Figure 3. Bioinformatics analysis of the RNA-seq data. Genes differentially expressed were evaluated in silico using Ingenuity Pathway Analysis (IPA) showing

upregulated and downregulated canonical pathways in fetal D90 (A, B) and adult Y2 (C, D). The bars represent the P-value at logarithmic scale. Gene ontology

of differentially expressed genes analyzing biological process by David showing upregulated and downregulated canonical pathways for fetal D90 ovary (E, F)

and adult Y2 ovary (G, H).

T-treated ovaries. There was no change in H3K4me3 levels between
prenatal T-treated and control animals (Figure 5D and G).

Prenatal T-treatment causes post-translational histone

modifications in the promoter of ovarian genes
Next, we determined if changes in the level of epigenetic marks in
the ovaries of prenatal T-treated Y2 adult sheep had any effect on
gene expression. To correlate the epigenetic modifications with the
upregulated and downregulated genes obtained from RNA-seq, we
performed ChIP analysis to study post-translational modifications
occurring specifically on the ovarian gene promoter. Specific upreg-
ulated genes from RNA-seq analysis were selected based on their
known ovarian expression/function. For example, SERPINA5 has
been shown to be expressed in healthy bovine ovarian follicle [38],
CTLA4 is suggested to influence PCOS through regulating obesity
[39], HSD3B1 and HSD17B14 [40] genetic variants are responsible

in steroid synthesis in ovary, SPP1 regulates cell function in the
bovine corpus luteum (CL) [41], and OXTR functions as receptor
to the neurotransmitter, oxytocin which is synthesized and secreted
in the corpus luteum of the ruminant [42]. Similarly, downregulated
genes from RNA-seq analysis were selected based on their ovarian
expression/function. TNK1 is a novel tyrosine kinase isolated from
human umbilical cord blood found in ovary [43], LIPG is an
endothelial lipase (EL) that plays a role in murine reproduction
and its expression is high in corpora lutea [44], HEY2 is the target
gene for the Notch signaling that regulates ovarian follicle formation
and coordinates follicular growth [45], and NDRG4 plays a role in
uterine development that occurs postnatally in the ovary of many
species [46]. Figure 6 shows ChIP analysis on the promoter region
of selected up- and downregulated ovarian genes with anti-H3K9ac
(Figure 6A), H3K27ac (Figure 6B), and H3K9me3 (Figure 6C) anti-
bodies in adult Y2 ovaries. Results show that for all the upregulated
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Figure 4. Prenatal T-induced changes in histone marks in fetal day 90 (D90) ovaries. Representative immunoblots demonstrating the level of gene-repressive

(H3K27me3 and H3K9me3) (A) and gene-inducing (H3K27ac, H3K9ac, and H3K4me3) histone marks in fetal day 90 (D90) ovaries isolated from control and

prenatal T-treated sheep. Densitometric analysis of the gene repressive (B, C) and gene inducing (E–G) immuno blots. Each experiment consisted of n = 3

ovaries from fetal D90 animal per treatment group (control and T). Data are displayed as mean ± SE and normalized to H3.

genes tested, H3K9ac and H3K27ac (gene inducing) marks were
significantly higher in the promoter region of these genes in adult Y2
ovaries isolated from prenatal T-treated animals compared to con-
trols. Similarly, for all the downregulated genes tested, the H3K9me3
(gene repressive) mark was significantly more in the promoter region
of the selected genes in ovaraies of prenatal T-treated vs. controls
(Figure 6C). Epigenetic regulation of gene expression can occur
by both increasing and/or decreasing positive (H3K27ac, H3K9ac,
and H3K4me3) and/or negative (H3K27me3 and H3K9me3) epi-
genetic marks. Thus, we also determined H3K9me3 on upregulated
genes (Figure 6D) and level of H3K9ac (Figure 6E) and H3K27ac
(Figure 6F) on the downregulated genes, respectively. Intriguingly,
results show that prenatal T treatment not only increases H3K9ac
and H3K27ac gene inducing marks, but also decreases H3K9me3
repressive mark on some of the upregulated genes (Figure 6D).
Out of all the upregulated genes tested, only SERPINA5 showed
no change in H3K9me3 levels compared to control. In contrast,
for the downregulated genes, only TNK1 had lower H3K9ac and
NDRG4 had both H3K9ac mark and H3K27ac mark lower in the
prenatal T-treated animals compared to control (Figure 6E and F).
None of the other genes tested had any change in the H3K9ac and
H3K27ac levels (Figure 6E and F). This shows that the epigenetic
modulation caused by prenatal T tretment is highly gene-specific.
For example, the induction of some genes is caused by modulating
both gene expression positive (H3K27ac and H3K9ac) and negative
(H3K9me3) marks, while for other upregulated genes, only gene
inducing mark (H3K27ac and H3K9ac) is increased. Similarly, for
downregulated genes, while some of the genes are epigenetically
modulated by increasing gene repressive marks (H3K9me3) as well
as lowering gene inducing marks (H3K27ac and H3K9ac), other
genes have only increased gene repressive marks.

Discussion
This study provides an insight into prenatal T-induced epigenetic
changes in the ovary and its effect on gene expression. Previous stud-
ies [10, 14, 31] have clearly established that prenatal T treatment in
the sheep changes ovarian morphology and causes PCOS phenotype
in adult life. This is the first RNA-seq study in the prenatal T-treated
sheep model to determine global changes in ovarian gene expression
both in fetal life and adult life. Moreover, our studies demonstrate
a direct relationship between changes in epigenetic marks and gene
expression.

Our studies show that genes primarily in steroid biosynthesis,
inflammation, and regulatory/cell signaling categories were affected
by prenatal T treatment. For example, hyperandrogenism is a
key characteristic feature of PCOS condition. Notably, HSD3B1,
HSD17B14, CYP11A1, and CYP17A1 genes that we find to be
differentially regulated in T vs. control fetal and adult ovaries
are known to be involved in androgen biosynthesis [40]. Previous
studies in prostate cancer have shown that androgens can upregulate
HSD3B1 [47], while studies in sheep have reported that prenatal
androgen exposure leads to downregulation of CYP11A1 [48, 49]
and CYP17A1 [49, 50]. Similar to these studies, here we also find
that HSD3B1and HSD17B14 are upregulated in the prenatal T
adult ovaries, while CYP11A1 and CYP17A1 are downregulated in
the excess T-exposed fetal D90 ovaries compared to control. This
suggests that while excess T exposure to fetuses initially may lower
androgen production, in adult stage, the androgen biosynthetic
pathway gets upregulated in ovaries that were exposed to excess
prenatal T. This might explain the increased expression of AR
reported in prenatal T adult ovaries [51], since androgens in a
positive feedback loop increases androgen receptor (AR) expression
[52, 53]. Moreover, in our study, pathway and function enrichment
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Figure 5. Prenatal T-induced changes in histone marks in adult year 2 (Y2) ovaries. Representative immunoblots demonstrating gene-repressive (H3K27me3 and

H3K9me3) (A) and gene-inducing (H3K27ac, H3K9ac, and H3K4me3) histone marks (D) in adult year 2 (Y2) ovaries isolated from control and prenatal T-treated

sheep. Densitometric analysis of the gene repressive (B, C) and gene-inducing (E–G) immunoblots. Each experiment consisted of n = 3 ovaries from adult Y2

animal per treatment group (control and T)]. Data are displayed as mean ± SE and normalized to H3. ∗P ≤ 0.05 vs. control and ∗∗P ≤ 0.01 vs. control.

analyses also show that the androgen biosynthesis pathway is the
most significantly affected pathway in the prenatal T-exposed fetus
and adult ovaries. With respect to inflammation, gene ontology
studies show that about 22 upregulated genes in prenatal T adult
Y2 ovary are involved in the inflammation/immune response.
Inflammation has been shown to be extensively associated with
PCOS and hypothesized to be one of the underlying causes of PCOS
[54]. Intriguingly, previous studies [55] in sheep have reported
that prenatal T can promote low grade chronic inflammation in
placenta. Interestingly, our studies (Figure 3B) find that the IL-
17F-induced inflammatory pathway is affected in fetal ovary.
Moreover, this prenatal T-induced chronic inflammation seen in
the fetal ovary persists in the adult ovary. Therefore, it is possible
that prenatal T induced chronic inflammation in the ovary can
be a driving force of PCOS development and progression in adult
life. In case of cell signaling, we find that HEY2 gene, involved in
Notch Signaling is downregulated in prenatal T adult Y2 ovary
(RNA-seq). Notch Signaling plays an important role in follicular
growth [45] and has been shown to be associated with PCOS
[56]. Another signaling protein that is downregulated in prenatal
T-treated Y2 ovary is diacylglycerol kinase (DGKG). DGKG is
important in insulin signaling, lipid metabolism, and a regulator of
diacylglycerol and phosphatidic acid, which are important mediators
of signal transduction. Pathway and function enrichment analyses
demonstrate, in general, that signal transduction pathways and

specifically the inositol pathway are affected in the prenatal T-treated
ovaries. Previous studies have also reported that key proteins in the
insulin signaling pathway are downregulated in the adult prenatal T-
treated ovaries [57]. Additionally, GPCR signaling is affected by the
downregulated genes in the prenatal T-treated adult ovary. One of
the main genes associated with this pathway that is downregulated
in our RNA-seq data is adrenergic receptor (ADRA1A and 2A).
Adrenergic receptors are known to play an important role in
follicular development and normal ovarian function [58]. Thus, our
studies suggest that prenatal T treatment modulates the expression
of ovarian genes involved in key biological processes that have been
implicated to be either an underlying cause and/or progression of
PCOS.

Notably, all previous studies in the ovary of prenatal T-treated
sheep model reported differentially expressed protein expression by
immunohistochemical studies in specific cells using ovarian sections
[51, 57, 59]. Other than the expressions of HSD3B1 and HSD17B
that are upregulated in adult ovaries and CYP11A1 and CYP17A1
that are downregulated in fetal ovaries, we did not find any differen-
tially regulated genes that were common with the proteins reported
in previous studies in the prenatal T-treated fetal and adult ovaries.
This may be due to the fact that our RNA-seq study was done with
total RNA isolated from fetal and adult whole ovaries, which may
have masked any significant cell-specific changes in the expression
of these genes. Whole ovaries from fetal and adult sheep enabled
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Figure 6. Prenatal T exposure changes the level of gene-inducing and gene-repressive histone marks on differentially expressed genes in adult year 2 (Y2)

ovaries. Epigenetic marks were determined by ChIP assay in the whole ovary isolated from prenatal T-treated adult Y2. A, B: Levels of H3K9ac and H3K27ac

positive mark on the promoter region of upregulated ovarian genes. C: Level of H3K9me3 negative mark on the promoter region of downregulated ovarian

genes. D: Level of H3K9me3 on the promoter region of upregulated ovarian genes. E, F: Levels of H3K9ac and H3K27ac positive mark on the promoter region of

downregulated ovarian genes. Values represent percentage input (mean ± SE, each experiment consisted of n = 3 ovaries from adult Y2 animal per treatment

group (control and T). ∗P ≤ 0.05 vs. control, ∗∗P ≤ 0.01 vs. control and ∗∗∗P ≤ 0.005. IP-immunoprecipitation.

us to perform RNA-seq and ChIP studies as cell number is a major
limiting factor for these studies. Moreover, it is well established [60]
that in addition to the genomic effects of androgens, the later can also
increase protein levels in a transcription-independent non-genomic
fashion [37].

Intriguingly, our RNA-seq data identified several significant dif-
ferentially expressed unannotated (novel) genes. Furthermore, some
of the annotated genes like PADI1 (peptidyl arginine deiminase, type
I,), SLITRK1 (SLIT and NTRK like family member 1), CORIN
(corin, serine peptidase), TMPRSS11E (transmembrane serine pro-
tease 11E), EFHB (EF-hand domain family member B) and TFF2
(trefoil factor 2), MMP12 (matrix metallopeptidase 12), SERPINA5
(serpin family A member 5), BPI (bactericidal permeability increas-
ing protein), and TREM2 (triggering receptor expressed on myeloid
cells 2) that were significantly differentially expressed in the prenatal
T-treated fetal and adult ovaries have not been studied in the ovary
with respect to PCOS. Thus, further studies are needed to not
only identify the novel genes but also determine the role of these
unannotated and annotated genes in the ovary that might play a
crucial role in the development of PCOS.

Previously, we have shown that androgens may influence gene
expression through modifying epigenetic marks [33]. We and others
[18, 20, 61] have also shown that adverse intra-uterine environment
may cause epigenetic changes in the fetus that persist in adult
life contributing to reprograming of gene expression. However,
surprisingly in this study we did not find any prenatal T-induced
epigenetic changes in the D90 fetal ovary. This may be because
prenatal T might not have an immediate effect in the fetal ovary
(at D90 when treatment was stopped), but epigenetic changes may
occur at latter gestational time points. However, our results clearly
show that when the fetus develops into adult, several histone marks
appeared to be modified in the prenatal T-treated ovary. Further

studies are needed to identify the key developmental window where
changes in epigenetic marks become more pronounced. Another
question that needs to be answered is how these epigenetic changes
are occurring and whether this is a direct effect of prenatal T
treatment or is a secondary effect of the prenatal T (hyperan-
drogenism) that is seen in the adult stage. Importantly, this study
provides direct evidence towards establishing epigenetic changes as
one of the underlying causes for differential expression of genes
in PCOS ovary. In future, ChIP-seq studies are required to deter-
mine the global effect of these epigenetic changes and identify the
genes regulated though epigenetic modulation in prenatal T-treated
ovaries.

Laser capture micro-dissection and immunofluorescence in
prenatal T-treated adult Y2 sheep ovary show [61] ovarian cell-
specific upregulation of H3K9me3 and H3K4me2 marks and
differential expression of specific histone and DNA epigenetic
modifying enzymes at the mRNA level. Using the whole ovary,
the current study also finds increase in H3K9me3 (gene repressive)
mark in adult Y2 prenatal T-treated ovaries. We also see increased
H3K27ac and H3K9ac (gene activating) marks but no change
in H3K27me3 (gene repressive) and H3K4me3 (gene activating)
marks. Interestingly, no change in the mRNA expression of p300,
the enzyme responsible for acetylation of H3 at K27, and increased
mRNA expression of EZH2 and SYMD3, the enzymes responsible
for trimethylation of K27 and K4 on H3, respectively, has also been
reported [61] in prenatal T-treated adult Y2 sheep ovary. Our RNA-
seq data do not show any changes in the expression levels of the
histone modifying enzymes. Moreover, we have done western blot
analysis (data not shown) of EZH2, JMJD3, JMJD2B, and p300
and we did not see any change in the levels of these enzymes in adult
year 2 (Y2) ovaries isolated from control and prenatal T-treated
sheep. Changes in mRNA or protein levels may not be enough to
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explain the downstream effects of these enzymes as the activity of
these enzymes may be regulated at a post-translational level. For
example, phosphorylation of EZH2 at serine 21 [62] is known
to block the methyltransferase activity of EZH2 by disrupting
its association with histone proteins, and we have shown [33]
that androgens through the PI3K/Akt pathway can phosphorylate
EZH2 at serine 21. Therefore, future studies should focus towards
correlating the expression and activity of epigenetic enzymes with
its specific downstream epigenetic marks with respect to prenatal
T treatment in the ovary. Intriguingly, in human PCOS patients,
global increase in H3K9ac mark and a decrease of H3K9me2
mark were reported in cumulus cells of PCOS patients compared
to control groups [63]. Our study also shows increase of H3K9ac
mark which can be an important mark that can be targeted for future
studies.

In summary, while it is well-established that prenatal T treatment
may lead to PCOS phenotype in adult life, this study establishes
prenatal T-induced epigenetic modulations as one of the underlying
causes for manifestation of PCOS. Here we provide direct evidence
that changes in epigenetic marks lead to differential expression of
genes in adult ovaries from prenatal T-treated sheep. Future studies
are needed to understand how prenatal T modulates epigenetic
enzymes, which changes specific epigenetic marks and its effect on
downstream gene expression and ovarian physiology.

Supplementary data

Supplementary data is available at BIOLRE online.
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