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Abstract

Background: Polycystic ovary syndrome (PCOS), whose etiology remains uncertain, is a highly heterogenous and
genetically complex endocrine disorder. The aim of this study was to identify differentially expressed genes (DEGs)
in granulosa cells (GCs) from PCOS patients and make epigenetic insights into the pathogenesis of PCOS.

Results: Included in this study were 110 women with PCOS and 119 women with normal ovulatory cycles
undergoing in vitro fertilization acting as the control group. RNA-seq identified 92 DEGs unique to PCOS GCs in
comparison with the control group. Bioinformatic analysis indicated that synthesis of lipids and steroids was
activated in PCOS GCs. 5-Methylcytosine analysis demonstrated that there was an approximate 25% reduction in
global DNA methylation of GCs in PCOS women (4.44 + 0.65%) compared with the controls (6.07 + 0.72%; P < 0.05).
Using MassArray EpiTYPER quantitative DNA methylation analysis, we also found hypomethylation of several gene
promoters related to lipid and steroid synthesis, which might result in the aberrant expression of these genes.

Conclusions: Our results suggest that hypomethylated genes related to the synthesis of lipid and steroid may
dysregulate expression of these genes and promote synthesis of steroid hormones including androgen, which
could partially explain mechanisms of hyperandrogenism in PCOS.
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Background

Polycystic ovary syndrome (PCOS), characterized by
chronic anovulation and hyperandrogenism, is one of
the most prevalent endocrine disorders in women of
reproductive age [1]. It is also thought to be the leading
cause of anovulatory infertility [1]. There is no single
etiologic factor that fully accounts for the pathogenesis
of PCOS, and several lines of evidence demonstrate that
PCOS is a complex and multifactorial disorder with a
high degree of heritability [2]. The high degree of famil-
ial aggregation of PCOS suggests that genetic factor
plays an important role in its etiology [3, 4]. Recent
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genetic studies have been performed without adding
significant new knowledge to the field [5, 6].

There is evidence indicating that epigenetic alterations,
including aberrant DNA methylation might contribute
to the development of PCOS [7]. DNA methylation is a
highly tissue-specific phenomenon that varies with time
on the basis of environmental fluctuations [8]. It is
involved in the stability of gene expression during organ-
ismal development [9, 10]. Specific genes such as LHR
[11], EPHXI [12], and CYP19A1 [13] have been demon-
strated to be associated with PCOS with aberrant DNA
methylation in distinct tissues. In a recent genome-wide
study, Wang et al. reported that DNA methylation and
gene expression differences exist between PCOS and non-
PCOS ovaries [14]. Our previous work has also indicated
that epigenetic alterations of several important transcrip-
tion factors are involved in the follicular development in
granulosa cells (GCs) that contribute to PCOS [7].
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Ovarian androgen excess is the most typical patho-
logical manifestation of PCOS [1, 15]. The mechanisms
underlying androgen excess and abnormal follicular
development in PCOS remain to be elucidated. In this
study, we identified differentially expressed genes
(DEGs) with global transcriptome sequencing and
highlighted the abnormal biological pathways among
these DEGs in the GCs of PCOS women. We compared
global DNA methylation of GCs between control and
PCOS groups. Furthermore, DNA methylation levels of
selected genes were evaluated with MassArray EpiTY-
PER. The correlations between gene expression and
differential methylation of CpG sites were also analyzed.
The altered expression level of genes related to lipid
metabolism and steroid synthesis combined with the
disarranged DNA methylation in GCs of PCOS women
suggest that abnormal lipid metabolism and steroid
synthesis and epigenetic dysregulation play important
roles in the pathogenesis of PCOS.

Results

Patient demographic data and clinical features

The clinical characteristics of PCOS women and con-
trols are shown in Table 1. Enrolled cases and controls
were of comparable age and fasting glucose levels.
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Significant differences between the two groups (P < 0.05)
were found in menstrual cycle length, body mass index
(BMI), antral follicle count (AFC), fasting insulin,
HOMA-IR (homeostasis model assessment of insulin
resistance), ratio of serum luteinizing hormone (LH)/fol-
licle-stimulating hormone (FSH), serum TT (total testos-
terone) levels on the third day of spontaneous menstrual
cycle, and concentration of TT, sex hormone-binding
globulin (SHBG), FAI (free androgen index), and insulin
in the follicular fluids (FFs). All these values mentioned
above were greater for PCOS group than those in con-
trols except for SHBG, which is lower in PCOS women.

Identification of DEGs in GCs between PCOS patients and
controls

To determine DEGs, GCs from three non-obese PCOS
and three comparable control women were studied.
Clinical characteristics of each participant are presented
in Additional file 1: Table S3. According to the inspected
RNA-seq data, all the quality control parameters were
within the acceptable ranges. A total of 23,675 annotated
Ensembl genes were detected and included in subse-
quent analysis (Additional file 2: Dataset S1), of which
12,814 genes were upregulated and 10,861 genes were
downregulated in GCs of PCOS women (Fig. 1a). After

Table 1 Demographic data and clinic characteristics of the IVF patients who participated in the study

[tems Control (n=119) PCOS (n=110) P value
Age 29.85 = 037 2911 £ 035 0.149
Body mass index 21.74 £ 029 2279+ 036 0.024
Cycle length (days) 29.00 + 0.22 67.73 + 640 <0.001
Duration of infertility 4.24 + 030 391 +£026 0416
Fasting glucose (mmol/L) 465 + 0.04 475 + 0.05 0.068
Fasting insulin (pmol/L)* 70.29 £ 2.99 100.19 £ 535 <0.001
HOMA-IR* 2.00 = 0.09 296 £ 0.16 <0.001
Day 3 LH/FSH 0.72 £ 0.04 148 + 0.09 <0.001
Day 3 TT (nmol/L) 0.78 £ 0.03 302 +0.14 <0.001
Day 3 DHEA-S (umol/L) 6.61 = 024 762 £ 033 0.013
Day 3 E, (pmol/L) 130.69 + 4.63 14847 £ 7.96 0.055
AFC 992 + 030 2045 + 039 <0.001
Androstenedione (ng/ml) in FF* 6.62 £ 1.06 725+ 128 0.345
TT (ng/ml) in FF 487 + 049 9.25 £ 1.21 0.022
SHBG (nmol/L) in FF* 57.70 £ 3.01 53.06 + 3.14 0.042
FAlin FF* 31.63 = 434 69.28 + 13.81 0.024
Insulin (mU/L) in FF* 3751+ 313 4845 + 350 0.024
Retrieved oocyte number 12.58 + 0.64 1763 £ 0.89 <0.001

Values are presented as mean + SE. P value was determined by Student’s t tests

HOMA-IR homeostasis model assessment of insulin resistance, Day 3 the third day of spontaneous menstrual cycle, LH luteinizing hormone, FSH follicle stimulating
hormone, TT total testosterone, DHEA-S dehydroepiandrosterone-sulfate, E; estradiol, AFC antral follicle count, FF follicular fluid, SHBG sex hormone binding globulin, FAI

free androgen index
*n=53 in control and n =50 in PCOS
#n =50 in control and n=71 in PCOS
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Fig. 1 Differentially expressed genes in GCs between PCOS and control women. a Venn diagram showing the number of differentially expressed
genes in GCs between the PCOS and control group. Red indicates upregulated genes, and green denotes downregulated genes. b Hierarchal
clustering presentation of differentially expressed genes identified in GCs. Each row represents a single gene, and each column represents an
experimental sample. Increasing green intensities denote genes that decrease in expression, and increasing red intensities denote gene that

applying statistical analysis (P < 0.05), a fold change (FC)
criterion (fold change in gene expression levels between
pathological and control GCs) > 1.5, and the false discov-
ery rate (FDR) < 0.05, 92 genes were significantly differen-
tially expressed in GCs of PCOS compared with controls,
including 51 upregulated genes and 41 downregulated
genes (Additional file 3: Dataset S2). Hierarchical cluster-
ing was performed on the dataset of DEGs (Fig. 1b). The
results showed a striking separation between the two
groups into two major opposite branches, indicating that
the genes expressed in GCs of PCOS women were signifi-
cantly different from those of controls.

Bioinformatic analysis of DEGs

To better understand the potential function of the 92
DEGs, Ingenuity Pathway Analysis (IPA) was used to
further analyze the expression data in the context of
known biological responses as well as other higher order
response pathways to assign functional information and
biological relevance to these DEGs. These results are
presented as negative logarithm of the significance level,
which is a statistical score measuring the likelihood of
the genes in a given network being found together
through Fisher’s exact test. Based on the expression data
of 92 DEGs, functional analysis showed that these DEGs
were enriched in the category of diseases and disorder,

molecular and cellular functions, and physiological sys-
tem development and function (Fig. 2a—c). Within the
category of diseases and disorders, the inflammatory
response, reproductive system disease, and endocrine
system disorders were included on the top ten related
dysfunctions. Within the category of molecular and cell
functions, cell death and survival, cell-to-cell signaling
and interaction, cellular movement, and lipid metabol-
ism were listed in the top related functions. Within the
category of development and functions, the endocrine
system development and function was also involved. The
further downstream effect analysis of DEGs between the
PCOS and control groups predicated that the synthesis
of lipid was activated (z score=2.014) in the PCOS
group (Fig. 2d). The other lipid metabolism biological
processes, such as steroidogenesis of hormone (z score
=1.253), the quantity of steroid (z score = 1.411), synthe-
sis of steroid (z score = 1.253), and synthesis of terpenoid
(z score =1.253) might also be activated in the PCOS
group (Fig. 2d). These alterations were in accordance
with the hyperandrogenism of PCOS.

Validation of DEGs related to lipid and steroid
metabolism with qPCR

To confirm the RNA-seq results, 12 upregulated
genes and three downregulated genes related to lipid
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Fig. 2 Bioinformatic analysis of the RNA-seq results. Ingenuity Pathway Analysis was used, which analyzes the expression data in the context of
known biological response and regulatory networks as well as other higher order response pathways, to assign functional information and
biological relevance. a-c Functional analysis of 92 DEGs. The top 10 influenced biofunctions are grouped by disease and disorder (a), molecular
and cell functions (b), and physiological system development and functions (c). Results are shown as the negative logarithm of significance,
which is a statistical score and a measure of the likelihood of the genes in a given network being found together as a result of chance, as
determined by Fisher's exact test. Downstream effects analysis of DEGs predicts activated lipid metabolism in GCs from PCOS women (d)

b Cell Death and Survival
Cell-To-Cell Signaling and Interaction
Cellular Movement

Cellular Growth and Proliferation
Cellular Development

Cell Morphology

Protein Synthesis

Lipid Metabolism
Small Molecule Biochemistry

0 2 4 6 8 10
-log(p-value)
LIF NPY2R
d DIRAS3 SERPINE1
CYR17A1 SPP1

steroidogenesis.of hormone

ATF3 FDX1
synthesis:of lipid
ANGPTL4 quantity of steroid GSTA1
synthesis of-steraid
SERPINE2 NR4A1
synthesis of terpenoid
PTX3 BNIP3

EDN2 CD74

DHRS9 CD9

and steroid metabolism were identified with qPCR
(Fig. 3). GCs from 93 control and 79 PCOS women
were enrolled in this part of the study. The results of
qPCR showed that the expression of related genes
were in accordance with the RNA-seq analysis
results.

Global DNA methylation of GCs from PCOS women and
controls

To compare the global DNA methylation level of the
GCs between PCOS and controls, we assessed the
levels of 5-mC in the genomic DNA of GCs by
ELISA with antibody specific to 5-mC. As shown in
Fig. 4, the global DNA methylation levels were 6.07 £
0.72% and 4.44 +0.65% in the GCs from control and
PCOS groups, respectively. We observed a significant
reduction of approximately 25% in the level of 5-mC
in GCs from PCOS women compared with controls
(P <0.05).

MassArray EpiTYPER quantitative DNA methylation
analysis of target genes

We analyzed DNA methylation of 15 DEGs related to
lipid metabolism and synthesis of steroid hormones, in-
cluding GSTAI, CD74, ANGPTL4, CD9, NR4A1, EDN2,
PTX3, LIFF SLCI2A8, PEX3, CYP17A1, SERPINEI,
DIRAS3, BNIP3, and SPPI. With the UCSC Genome
Browser (http://www.genome.ucsc.edu/) and online
primer designer—Epidesigner (http://www.epidesigner.-
com), we found that GSTAI and CD74 possessed no ob-
vious CpG islands or intensive CpG clusters in their
promoter regions. We then investigated the methylation
level of each CpG site or cluster in the promoters of the
other 13 DEGs verified by qPCR (ANGPTL4, CDS9,
NR4A1, EDN2, PTX3, LIF, SLC12A8, PEX3, CYPI7Al,
SERPINEI, DIRAS3, BNIP3, SPPI) in 16 GC DNA sam-
ples (8 PCOS women and 8 controls, the first cohort).
We found no significant differences in the methylation
levels of CpG sites or clusters of ANGPTL4, CYP17Al,
PEX3, DIRAS3, PTX3, and SLCI12A8 and amplicon for
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Fig. 3 Verification of 15 differentially expressed genes related to lipid metabolism and steroid synthesis identified by RNA-seq. The mRNA expression levels
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SPPI1 (primer 1) in the GCs between PCOS and control
women (Additional file 4: Figure Sla—h). Although two
CpG sites in the promoter of SERPINEI were hypo-
methylated, it is probably meaningless for such a low
methylation level of these sites (Additional file 4: Figure
S1i). Significant differences were found in the methyla-
tion levels of some CpG sites or clusters in the promoter
regions of CD9, BNIP3, EDN2, NR4A1, LIF, and SPPI

(primer 2) between PCOS and control women. To con-
firm these differences, we further validated the signifi-
cance of the results in a second cohort consisting of 30
controls and 39 PCOS women. We found that a cluster
of CpG sites in the promoter regions of CD9, NR4Al,
EDN2, and BNIP3 were hypomethylated (Fig. 5a—c, e)
and that a single CpG site (CpG_8, -780) in the pro-
moter region of LIF was also hypomethylated (Fig. 5d).
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However, we did not find significant difference in the
methylation level of any CpG site of SPP1 (primer 2)
between PCOS and control women (Fig. 5f).

The influence of promoter methylation status on gene
expression

We analyzed the relationship between the methylation
levels of CpG sites and gene expression levels of the
differentially methylated genes. The expression level of
CD9 was negatively correlated with the average methyla-
tion level of CD9 promoter (R=-0.420, P=0.023)
(Fig. 5a). The expression level of BNIP3 was also, to
some extent, correlated with the average promoter
methylation status (R = - 0.186, P =0.292). However, it is
noteworthy that there was a remarkably negative correl-
ation between the expression level and promoter methy-
lation level of BNIP3 in the control group (R = - 0.740,
P=0.001), but this correlation was not found in the
PCOS group (R=0.23, P=0.923). Therefore, the correla-
tions of these two groups are fully independent of each
other. We did not observe significant correlation
between the expression level and promoter methylation
level of EDN2. The expression of LIF was negatively cor-
related with the promoter methylation level (R = — 0.565,
P=0.001) (Fig. 5d). There is a mildly negative
correlation between the expression level and promoter
methylation level of NR4AI (R = - 0.355, P = 0.054).

Discussion

In the present study, we identified 92 DEGs in GCs of
PCOS women compared to those of control women.
Bioinformatic analysis showed that lipid metabolism was
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significantly activated in GCs from PCOS women. We
also found that global methylation level of DNA in GCs
from PCOS women was lower than that of control
women. Consistent with these findings, further analysis
demonstrated that the differentially methylated genes
involved in lipid metabolism and steroid synthesis were
hypomethylated and there were negative correlations
between the gene expression levels and the promoter
methylation levels.

Most women (60—-80%) with PCOS have hyperandro-
genism [1] and excessive circulating androgens that are
mostly from the ovary. Therefore, some physician scien-
tists surmise that abnormal steroidogenesis might be the
primary pathogenesis of PCOS [16]; however, such a
mechanism needs to be further investigated. GCs around
the oocyte are closely associated with the development
of the female gamete in the ovary [17] and are involved
in steroid synthesis and metabolism [18]. Therefore,
profiling the gene expression pattern of GCs and
performing deep analysis on the genes related to lipid
and steroid metabolism are significant contributions to
the field.

GCs from 110 unrelated women with PCOS and 119
normal ovulating women with the comparable age were
selected to minimize the influences of age on epigenetic
modifications [19]. Cases enrolled in this study showed
the main characteristics of PCOS: hyperandrogenism,
ovulatory dysfunction, and increased number of antral
follicles.

Global profiling of gene expression in target organs
with RNA-seq is continuously leading to the establish-
ment of key molecules that potentially participate in the
pathophysiology of various diseases. However, due to the
high cost, this method is not frequently used as microar-
rays currently. In a previous study, Kaur et al. employed
microarray analysis to identify DEGs in GCs from PCOS
and indicated that the DEGs were involved in diabetes,
inflammation, cardiovascular diseases, and infertility
[20], but few DEGs were related to the major functions
of GCs. Crucial for folliculogenesis is GC-oocyte signal-
ing, which relies on free fatty acid beta-oxidation as an
energy source for meiosis [21-24]. In our study, 92
DEGs were identified in GCs from PCOS women, and
functional analysis showed that 18 DEGs, approximately
20% of all identified DEGs, participated in lipid metabol-
ism. The synthesis of lipid and steroid was significantly
activated in the GCs of PCOS women. Increased lipid
synthesis in GCs provided steroidal precursor for andro-
gen [25]. Hyperandrogenism, the most constant and
prominent diagnostic component of PCOS, is correlated
with excess lipid synthesis. The mechanism and causal
relationship need to be further explored.

BNIP3 plays a critical function in lipid metabolism
[26, 27], and BNIP3 deficiency participates in excess
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lipid accumulation [27]. The decreased expression of
BNIP3 in GCs from PCOS women probably results in
excessive synthesis of lipid, which provides precursors
for the biosynthesis of androgen in follicles, thus partici-
pating in hyperandrogenism. BNIP3 is localized to the
outer mitochondrial membrane, where it functions in
mitophagy and mitochondrial dynamics. BNIP3, binding
directly to LC3 and recruiting the growing autophago-
some to mitochondria, is also implicated in the induc-
tion of autophagy [28], which often leads to cell death
and necrosis. The aberrant low expression of BNIP3 in
GCs of PCOS women may be involved in apoptotic
deficiency of follicular cells from PCOS women [29],
which is associated with polycystic ovarian morphology.

NR4A1, a member of orphan nuclear receptors, initi-
ates gene transcription by various stimuli [30]. It has
been described to play a role in lipolysis [31] and
promote the transcription of key steroidogenic enzymes
in ovarian theca cells, thus enhancing the capacity of the
ovarian theca cells to produce androgen [29]. Elevated
expression of NR4A1 in GCs may also promote the an-
drogen biosynthesis in PCOS women. Furthermore,
NR4A1 is also a clock-related gene, which shows a
circadian rhythm in different tissues [32, 33]. Disturbed
circadian rhythm could be another point-cut for
exploring the pathophysiology of PCOS.

PCOS is considered as a complicated disorder and has
certain genetic basis [2]. The heritability of this disorder
goes beyond simple Mendelian genetics. Epigenetic and
environmental factors have been proposed as confound-
ing factors that modulate the phenotype of genetic basis
of PCOS [7, 34]. DNA methylation patterns are neither
fixed nor consistent among different tissues and have
highly spatio-temporal dynamics that require continuous
regulation [35-37].

An approximate 25% reduction was observed in the
global DNA methylation level of GCs from PCOS com-
pared with matched controls. This hypomethylation of
the genome is believed to result in chromosomal and
genomic instability [38—40]. Consistent with reduced
global methylation levels in GCs from PCOS women,
most of the differentially methylated sites of the genes
involved in lipid metabolism and steroid synthesis were
also hypomethylated. This is the first epigenetic study to
investigate whether global DNA methylation is altered in
follicular cells in PCOS women compared with matched
controls. Although Xu et al. got a negative result about
the global DNA methylation status of peripheral blood
between the PCOS and control women [41], it was of
great significance to evaluate the global DNA methyla-
tion level of follicular cells, especially to quantify the
methylation level of a specific CpG site. Recently, Wang
et al. carried out a genome-wide DNA methylation
analysis in PCOS ovaries and identified 7982
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differentially methylated CpG sites [14]. Among those
sites, 59.8% were hypermethylated and 40.2% were hypo-
methylated. This result was neither consistent with nor
contradictory to our results. The difference between this
study and our own could be interpreted in two aspects.
Firstly, the collected tissue by Wang et al. was the ovary
tissue, not GCs. Secondly, the control ovaries were
obtained from cervical cancer patients who were much
older (37.00 £ 5.20 years) than the case group (23.33 £
2.89 years). A major strength of our study was the com-
parability of the cases and controls, as age has been
reported to affect the methylation status [42]. We
matched the two groups and tried to exclude the age-as-
sociated epigenetic drift that might affect the global
DNA methylation level and the CpG site-specific methy-
lation level of target genes.

The causal relationship between the changes in pro-
moter DNA methylation level and differences in gene ex-
pression has been well established [43]. In our study, the
expression of the DEGs was at least partially negatively
correlated with the average methylation level of the CpG
sites in the promoter regions of the differentially methyl-
ated genes. DNA methylation regulates gene expression
via recruitment of transcriptional factors. However, the
correlation was compromised in PCOS women, especially
for BNIP3. As for LIF, there was only one differentially
methylated CpG site; however, the prediction of transcrip-
tion factors by TESEARCH (http://diyhpl.us/~bryan/irc/
protocol-online/protocol-cache/ TEFSEARCH.html) and
DBD: Transcription factor prediction database (http://
www.transcriptionfactor.org/index.cgi) revealed that the
differentially methylated CpG site was the binding site for
nuclear respiratory factor 2 (NRF-2). NRF-2, as a tran-
scription factor, is involved in the activation of cytochrome
oxidase expression and the nuclear control of mitochon-
drial function [44, 45]. Loss of methylation in this site may
result in abnormal recruitment of NRF-2, which would
contribute to aberrant gene expression of LIF.

Folate provides methyl groups for the formation of
S-adenosylmethionine (SAM) [46], the major methyl
donor required for DNA methylation [47]. It is well
established that folate supplementation can increase
global DNA methylation and affect gene expression
[48, 49]. Multiple studies have identified increased
homocysteine, an indicator of folate deficiency, in
women with PCOS [50, 51], and supplementation
with folate is useful to increase the beneficial effect of
metformin on the vascular endothelium [52]. Consid-
ering the role of global DNA hypomethylation in the
GCs of PCOS in our study, we speculate that it is ad-
visable to utilize folate to prevent the global loss of
methylation for PCOS women, especially for those
undergoing IVF procedure. However, prospective
study on this subject should be carried out to
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determine the appropriate dose and administration
duration of folate supplementation.

The limitations of this study should be noted. First,
the cells collected in this study are derived from IVF
procedure and are a mixture of cumulus and mural GCs
and macrophages, as well as are predominantly lutein-
ized mural GCs. It is important to further confirm our
findings in non-luteinized GCs. Second, the cohort
analyzed by RNA-seq is small and should be considered
as a pilot study. Finally, though the enrolled subjects in
the two groups were of comparable fasting glucose, the
PCOS patients had greater BMI and higher fasting insu-
lin levels and HOMA-IR, which indicates obesity and
insulin resistance is more prevalent in the enrolled
PCOS women. Altered DNA methylation patterns could
be a result of PCOS itself or endocrine and metabolic
disturbances of the condition [53, 54]. Therefore, it is of
significance to analyze the differential methylation status
between women with comparable nutrient status or
confirm the epigenetic changes after balancing the
endocrine or metabolic profiles of PCOS subjects.

Conclusions

In summary, this work represents the first study explor-
ing the DNA methylation alterations in GCs of women
with PCOS. Genome-wide or gene-specific DNA methy-
lation aberrations identified in our study may be an
inducer of changes in gene expression, thus further
disrupting the ovarian microenvironment.

Methods

Patient selection and sample collection

The datasets during and/or analyzed during the current
study are available from the corresponding author on
reasonable request. The methods in this work were car-
ried out in accordance with the approved guidelines.
One hundred ten PCOS patients, diagnosed according
to the Rotterdam Consensus (European Society for
Human Reproduction and Embryology/American
Society for Reproductive Medicine criteria) [55], and 119
infertile women with tubal blockage (serving as controls)
seeking in vitro fertilization (IVF) treatment at the
Women’s Hospital of the School of Medicine of Zhejiang
University were recruited. The control women met the
following inclusion criteria: (1) age between 22 and 36;
(2) both ovaries present, without morphological abnor-
malities; (3) normal ovarian response; (4) menstrual
cycle length range between 26 and 33 days; (5) no struc-
tural abnormalities of the uterus and ovaries were found
by vaginal ultrasound and/or laparoscopy; (6) no dis-
eases affecting gonadotropin and sex steroid secretion,
clearance, or excretion; (7) no signs of hyperandrogen-
ism; and (8) no polycystic ovary morphology. And we
excluded anyone whose BMI was greater than 25 from
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our study. The long agonist protocol for controlled ovar-
ian hyperstimulation (COH) and the collection of FFs
and GCs, obtained by follicular aspiration from women
undergoing oocyte retrieval for IVF, were performed as
previously described [7]. The average follicular diameter
used for the analysis of FF is 16 mm, and the minimum
follicular diameter used to obtain FF is no less than
14 mm.

Measurement of hormones

Serum fasting glucose levels were measured by glucose
oxidase-peroxidase method. The levels of day 3 serum
hormones and fasting insulin were measured by chemilu-
minescence immunoassay (CLIA) in the clinical labora-
tory of Women’s Hospital, School of Medicine, Zhejiang
University. TT levels in serum were measured after exac-
tion [56] using CLIA (Roche, Mannheim, Germany). The
hormones in FFs were detected by enzyme-linked im-
munosorbent assay (ELISA), including androstenedione
(Abcam, Cambridge, UK), TT (Abcam, Cambridge, UK),
sex hormone-binding globulin (SHBG, R&D Systems, Inc.
Minneapolis, MN, USA), and insulin (R&D Systems, Inc.
Minneapolis, MN, USA). HOMA-IR was calculated using
the formula HOMA-IR = [fasting insulin (mIU/L) x fasting
glucose (mmol/L)]/22.5 [57]. Free androgen index (FAI)
was calculated as the ratio of TT (in nmol/L)/SHBG (in
nmol/L) multiplied by 100 [58]. The values in FFs were
from the individual follicle from each woman.

Transcriptome library preparation and RNA-seq

Total RNA was extracted using the RNeasy” Mini kit ac-
cording to the manufacturer’s protocol (Qiagen, Hilden,
Germany). Total RNA was used to generate the
complementary DNA (cDNA) libraries for paired-end
sequencing using mRNA-seq Sample Preparation Kit
(Illumina). Briefly, 4 pg of total RNA from each sample
was used for polyA mRNA selection using polyT oligo--
conjugated magnetic beads by two rounds of purifica-
tion. The cleaved mRNA fragments were reverse
transcribed and then converted into double-strand
cDNA. Following end repair and A tailing, adapters
complementary to sequencing primers were ligated to
the ends of DNA fragment. Finally, the ligation products
were further purified on 2% agarose gels and 200-250
basepair (bp) fragments were selected for downstream
enrichment by 15 cycles of PCR followed by purification
using QIAquick PCR purification kit (Qiagen). The
libraries were sequenced and quantified with an Illumina
HiSeq™ 2000 system.

Mapping of RNA-seq reads using TopHat

After applying quality control check on the raw sequenced
reads using the Fast-QC tool (http://www.bioinformatics.
babraham.ac.uk/projects/fastqc/) and removing the
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adaptor sequences, the clean reads were mapped and
aligned to the human genome (hgl9) using TopHat pro-
gram (v2.0.6) [59]. TopHat allows multiple alignments per
read (up to 20 by default) and a maximum of two mis-
matches when mapping the reads to the reference.
TopHat builds a database of potential splice junctions and
confirms these by comparing the previously unmapped
reads against the database of putative junctions. The de-
fault parameters for the TopHat method were used.

DEG dataset and functional analyses

All genes and transcripts have been assigned a relative
coverage rate as measured by fragments per kilobase per
million (FPKM). To define genes up- or downregulated
between the two groups, the log2 of the proportion
between the sum of the FPKM for all gene transcripts
and the same sum in control condition was taken as a
measure of change in gene expression. The P value was
obtained by performing a Fisher exact test (number of
reads mapped to the gene and number of reads mapped
to all other genes in GCs from PCOS women versus the
controls), and the FDR was calculated to correct the P
value. The smaller FDR indicates the smaller error in
judging the P value. A significant DEG dataset was de-
termined with a fold change (FC) cutoff of 1.5, P <0.05,
and FDR < 0.05.

IPA software (Qiagen, Redwood 185 City, CA) was
used to identify the top biological functions associated
with the DEG dataset, using Fisher’s exact test to deter-
mine the probability that each biological function
assigned to the DEGs is explained by chance alone.
Downstream effect analysis was used to predict down-
stream biological processes and infer their activation
state based on the observed gene expression changes in
DEG dataset. A z score was calculated and used to infer
the activation states (“increased” or “decreased”) of
implicated biological processes [60].

Reverse transcription and quantitative real-time PCR
(qPCR)

Expression level of 15 genes was measured by qPCR in
GCs. Total RNA was isolated using the RNAiso™
Reagent, and cDNA was prepared using the Prime-
Script™ RT reagent kit with gDNA Eraser. qPCR analysis
was carried out to determine the mRNA expression of
the related genes using the SYBR® Premix Ex TaqTM
(Tli RNaseH Plus) system (TAKARA, Dalian, China) in
an Applied Biosystems ViiA™ 7 Real-Time PCR System
(ABI, Carlsbad, CA). The amplification thermal cycling
conditions were 95 °C for 10 s for one cycle, 95 °C for
5 s, and 60 °C for 30 s, followed by 40 cycles. After PCR,
a dissociation curve was constructed at 95 °C for 15 s,
60 °C for 15 s, and 95 °C for 15 s for detection of PCR
product specificity. The glyceraldehyde-3-phosphate
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dehydrogenase (GAPDH) was served as the internal con-
trol. Optimal qPCR assay for the gene was amplified using
the corresponding primers (listed in Additional file 1:
Table S1).

DNA preparation

Genomic DNA from GCs of PCOS patients and
controls was isolated using the QIAamp DNA Mini
Kit (Qiagen, Hilden, Germany) as recommended by
the manufacturer.

Quantification of 5mC

Global methylation of GCs was determined by 5-
methylcytosine (5-mC) DNA ELISA kit (Zymo Research,
Irvine, CA). One hundred nanogram genomic DNA
from GCs was subjected to the quantification of 5-mC,
following the manufacturer’s instructions. All the sam-
ples (or repeats) were loaded with the same amount of
DNA in the assay plate. This was followed by the
addition of primary (monoclonal antibody specific to
5-mC) and secondary antibody. The absorbance of each
sample was read at 405 nm and converted into percent-
age of 5-mC, according to a standard curve generated by
serial dilutions of the 5-mC DNA positive and negative
control provided with the kit. The results were taken as
average of two independent experiments. This analysis
provides the levels of global DNA methylation and not
specific to any particular gene.

CT conversion and MassArray EpiTYPER quantitative DNA
methylation analysis

Bisulfite conversion of the genomic DNA was performed
with the EZ DNA CT Conversion Reagent, Zymo
Research Corporation (Irvine, CA, USA) according to
the manufacturer’s protocol. Quantitative DNA methyla-
tion analysis was performed with MassArray EpiTyper
(Sequenom, San Diego, CA, USA) as described previ-
ously [61]. The promoter regions of the target genes
were analyzed. Amplicons cover the regions of the cor-
responding CpG sites, and the target regions are shown
in the corresponding figures. Primers were designed
using the online software Epidesigner (http://www.epide-
signer.com) shown in Additional file 1: Table S2. The
quantitative methylation data for each CpG site or ag-
gregates of multiple CpG sites obtained from MassArray
were analyzed on the EpiTYPER software (Sequenom).

Statistical analysis

Statistical analysis is performed using the software SPSS
version 19.0 software (SPSS Inc., Chicago, IL, USA). The
comparisons between two groups were performed with
Student’s ¢ test or non-parametric Mann-Whitney U
tests. The correlations between mRNA expression levels
and CpG site methylation levels of a specific gene were


http://www.epidesigner.com
http://www.epidesigner.com

Pan et al. Clinical Epigenetics (2018) 10:6

analyzed using Pearson’s correlation. P<0.05 was

considered statistically significant.

Additional files

Additional file 1: The primer sets used in this study and clinic
characteristics of patients used for Transcriptome Sequencing. (DOCX 30 kb)

Additional file 2: Dataset S1. All genes detected by Transcriptome
Sequencing. (XLS 4329 kb)

Additional file 3: Dataset S2. 92 genes significantly differentially
expressed in GCs of PCOS compared with controls. (XLS 68 kb)

Additional file 4: Figure S1. MassARRAY Quantitative methylation
analysis of the CpG sites in the promoter of target genes. Values are
mean + SE. Eight GC genomic DNA from controls and 8 GC genomic
DNA from PCOS women were analyzed. P value was determined by

Mann-Whitney U test. *P < 0.05. (EPS 2291 kb)

Abbreviations

5-mC: 5-Methylcytosine; AFC: Antral follicle count; BMI: Body mass index;
CLIA: Chemiluminescence immunoassay; COH: Controlled ovarian
hyperstimulation; DEGs: Differentially expressed genes; FAI: Free androgen
index; FDR: False discovery rate; FF: Follicular fluid; FPKM: Fragments per
kilobase per million; FSH: Follicle-stimulating hormone;

GAPHD: Glyceraldehyde-3-phosphate dehydrogenase; GCs: Granulosa cells;
HOMA-IR: Homeostasis model assessment of insulin resistance; IPA: Ingenuity
Pathway Analysis; IVF: In vitro fertilization; LH: Luteinizing hormone;

PCOS: Polycystic ovary syndrome; gPCR: Quantitative polymerase chain
reaction; SAM: S-Adenosylmethionine; SHBG: Sex hormone-binding globulin;
TT: Total testosterone

Acknowledgements

We are greatly indebted to the subjects enrolled in our study and to the
medical and paramedical staff of the Women’s Hospital of the School of
Medicine of Zhejiang University.

Funding

This study was supported by the National Key Research and Development
Program of China (2017YFC1001303 to H.-F.H), the Zhejiang Provincial
Natural Science Foundation of China (LQ18H040005 to J-X.P.), the Natural
Science Foundation of China (31471405 to H.-F.H. 81401167 to F-F.W,
81501276 to Y.-Q.X), Zhejiang Traditional Chinese Medicine Foundation
(2017ZQ020 to J-XP.), Zhejiang Project of Medical and Health Research
(2017KY462 to J-X.P.), and Wenzhou Municipal Science and Technology
Bureau (CN) (Y20160037 to J-X.P.).

Availability of data and materials
The datasets during and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Authors’ contributions

J-XP, H-FH, and J-ZS designed the study. J-XP, Y-JT, F-FW, N-NH, Y-QX, J-YZ,
and YL performed the experiment. J-XP, F-FW, YL, FQ, and QM collected and
analyzed the data. J-XP, Y-QX, J-YZ, H-FH, and J-ZS wrote the manuscript. JX
participated in subject recruitment and sample collection. All authors read
and approved the final manuscript.

Ethics approval and consent to participate
Ethical approval (n0.20120034) for this project was granted by the Ethics
Committee of the School of Medicine, Zhejiang University, and informed
consents were obtained from all participants.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Page 11 of 12

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'The International Peace Maternity and Child Health Hospital, School of
Medicine, Shanghai Jiao Tong University, Shanghai 200030, China. “The Key
Laboratory of Reproductive Genetics, Ministry of Education (Zhejiang
University), Hangzhou, Zhejiang 310006, China. *Department of Pathology
and Pathophysiology, School of Medicine, Zhejiang University, Hangzhou
310058, China. “Reproductive Medicine Center, The First Affiliated Hospital of
Wenzhou Medical University, Wenzhou 325000, China.

Received: 30 August 2017 Accepted: 8 January 2018
Published online: 12 January 2018

References

1. Norman RJ, Dewailly D, Legro RS, Hickey TE. Polycystic ovary syndrome.
Lancet. 2007,370(9588):685-97.

2. Vink J, Sadrzadeh S, Lambalk C, Boomsma D. Heritability of polycystic ovary
syndrome in a Dutch twin-family study. The Journal of Clinical
Endocrinology & Metabolism. 2006;91(6):2100-4.

3. Govind A, Obhrai MS, Clayton RN. Polycystic ovaries are inherited as an
autosomal dominant trait: analysis of 29 polycystic ovary syndrome and 10
control families. J Clin Endocrinol Metab. 1999:84(1):38-43.

4. Kahsar-Miller MD, Nixon C, Boots LR, Go RC, Azziz R. Prevalence of polycystic
ovary syndrome (PCOS) in first-degree relatives of patients with PCOS. Fertil
Steril. 2001;75(1):53-8.

5. Urbanek M, Legro RS, Driscoll DA, Azziz R, Ehrmann DA, Norman RJ, Strauss
JF, Spielman RS, Dunaif A. Thirty-seven candidate genes for polycystic ovary
syndrome: strongest evidence for linkage is with follistatin. Proc Natl Acad
Sci. 1999,96(15):8573-8.

6. Chen Z-J, Zhao H, He L, Shi Y, Qin Y, Shi Y, Li Z, You L, Zhao J, Liu J.
Genome-wide association study identifies susceptibility loci for polycystic
ovary syndrome on chromosome 2p16. 3, 2p21 and 9g33. 3. Nat Genet.
2011;43(1):55-9.

7. QuF, Wang F-F, Yin R, Ding G-L, El-prince M, Gao Q, Shi B-W, Pan H-H,
Huang Y-T, Jin M. A molecular mechanism underlying ovarian dysfunction
of polycystic ovary syndrome: hyperandrogenism induces epigenetic
alterations in the granulosa cells. J Mol Med. 2012;90(8):911-23.

8. Bird A. Perceptions of epigenetics. Nature. 2007;447(7143):396-8.

9. Morgan HD, Santos F, Green K, Dean W, Reik W. Epigenetic reprogramming
in mammals. Hum Mol Genet. 2005;14(suppl 1):R47-58.

10. Guo F, Li X, Liang D, Li T, Zhu P, Guo H, Wu X, Wen L, T-P G, Hu B, et al.
Active and passive demethylation of male and female pronuclear DNA in
the mammalian zygote. Cell Stem Cell. 2014;15(4):447-59.

11. Wang P, Zhao H, Li T, Zhang W, KL W, Li M, Bian YH, Liu HB, Ning YN, Li GY,
et al. Hypomethylation of the LH/choriogonadotropin receptor promoter
region is a potential mechanism underlying susceptibility to polycystic
ovary syndrome. Endocrinology. 2014;155(4):1445-52.

12. Sang Q, Li X, Wang H, Wang H, Zhang S, Feng R, Xu Y, Li Q, Zhao X,
Xing Q. Quantitative methylation level of the EPHX1 promoter in
peripheral blood DNA is associated with polycystic ovary syndrome.
PLoS One. 2014;9(2):e88013.

13, Yu YY, Sun CX, Liu YK, Li Y, Wang L, Zhang W. Promoter methylation of
CYP19A1 gene in Chinese polycystic ovary syndrome patients. Gynecol
Obstet Inves. 2013;76(4):209-13.

14. Wang X-X, Wei J-Z, Jiao J, Jiang S-Y, D-H Y, Li D. Genome-wide DNA
methylation and gene expression patterns provide insight into polycystic
ovary syndrome development. Oncotarget. 2014;5(16):6603-10.

15. Pan JX, Zhang JY, Ke ZH, Wang FF, Barry JA, Hardiman PJ, Qu F. Androgens
as double-edged swords: induction and suppression of follicular
development. Hormones (Athens). 2015;14(2):190-200.

16. Zhang L-H, Rodriguez H, Ohno S, Miller WL. Serine phosphorylation of
human P450c17 increases 17, 20-lyase activity: implications for
adrenarche and the polycystic ovary syndrome. Proc Natl Acad Sci.
1995;92(23):10619-23.

17. Sen A, Hammes SR. Granulosa cell-specific androgen receptors are critical
regulators of ovarian development and function. Mol Endocrinol. 2010;24(7):
1393-403.


dx.doi.org/10.1186/s13148-018-0442-y
dx.doi.org/10.1186/s13148-018-0442-y
dx.doi.org/10.1186/s13148-018-0442-y
dx.doi.org/10.1186/s13148-018-0442-y

Pan et al. Clinical Epigenetics (2018) 10:6

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41,

Adashi EY, CE RESNICK, D'ERCOLE AJ, ME SVOBODA, JJV WYK. Insulin-like
growth factors as intraovarian regulators of granulosa cell growth and
function. Endocr Rev. 1985,6(3):400-20.

Agrawal A, Tay J, Yang G-E, Agrawal S, Gupta S. Age-associated epigenetic
modifications in human DNA increase its immunogenicity. Aging (Albany
NY). 2010;2(2):93.

Kaur S, Archer KJ, Devi MG, Kriplani A, Strauss JF Ill, Singh R. Differential
gene expression in granulosa cells from polycystic ovary syndrome patients
with and without insulin resistance: identification of susceptibility gene sets
through network analysis. The Journal of Clinical Endocrinology &
Metabolism. 2012,97(10):E2016-21.

Downs SM, Mosey JL, Klinger J. Fatty acid oxidation and meiotic resumption
in mouse oocytes. Mol Reprod Dev. 2009;76(9):844-53.

Dunning KR, Cashman K, Russell DL, Thompson JG, Norman RJ, Robker RL.
Beta-oxidation is essential for mouse oocyte developmental competence
and early embryo development. Biol Reprod. 2010;83(6):909-18.

Dunning KR, Anastasi MR, Zhang VJ, Russell DL, Robker RL. Regulation of
fatty acid oxidation in mouse cumulus-oocyte complexes during maturation
and modulation by PPAR agonists. PLoS One. 2014;9(2):e87327.

Valsangkar D, Downs SM. A requirement for fatty acid oxidation in the hormone-
induced meiotic maturation of mouse oocytes. Biol Reprod. 2013;89(2):55-64.
Miller WL. Molecular biology of steroid hormone synthesis. Endocr Rev.
1988,9(3):295-318.

Singh R, Kaushik S, Wang Y, Xiang Y, Novak |, Komatsu M, Tanaka K, Cuervo
AM, Czaja MJ. Autophagy regulates lipid metabolism. Nature. 2009;
458(7242):1131-5.

Glick D, Zhang W, Beaton M, Marsboom G, Gruber M, Simon MC, Hart J,
Dorn GW, Brady MJ, Macleod KF. BNip3 regulates mitochondrial function
and lipid metabolism in the liver. Mol Cell Biol. 2012;32(13):2570-84.

Zhang J, Ney PA. Role of BNIP3 and NIX in cell death, autophagy, and
mitophagy. Cell Death & Differentiation. 2009;16(7):939-46.

Das M, Djahanbakhch O, Hacihanefioglu B, Saridogan E, lkram M, Ghali
L, Raveendran M, Storey A. Granulosa cell survival and proliferation are
altered in polycystic ovary syndrome. J Clin Endocrinol Metab. 2008;
93(3):881-7.

Giguére V. Orphan nuclear receptors: from gene to function 1. Endocr Rev.
1999;20(5):689-725.

Maxwell MA, Cleasby ME, Harding A, Stark A, Cooney GJ, Muscat GE. Nur77
regulates lipolysis in skeletal muscle cells EVIDENCE FOR CROSS-TALK
BETWEEN THE -ADRENERGIC AND AN ORPHAN NUCLEAR HORMONE
RECEPTOR PATHWAY. J Biol Chem. 2005;280(13):12573-84.

Humphries A, Weller J, Klein D, Baler R, Carter DA. NGFI-B (Nurr77/Nr4at)
orphan nuclear receptor in rat pinealocytes: circadian expression involves
an adrenergic-cyclic AMP mechanism. J Neurochem. 2004;,91(4):946-55.
Ishida A, Mutoh T, Ueyama T, Bando H, Masubuchi S, Nakahara D, Tsujimoto
G, Okamura H. Light activates the adrenal gland: timing of gene expression
and glucocorticoid release. Cell Metab. 2005;2(5):297-307.

Pan JX, Wang FF, Liu Y, Meng Q, Sheng JZ, Huang HF. Bisphenol a (BPA)
induces abnormal androgen accumulation via androgen-androgen receptor
(AR) mediated cyp19al transcription inhibition in granulosa cells (GCs). Fertil
Steril. 2013;100(3):513.

Bhutani N, Burns DM, Blau HM. DNA demethylation dynamics. Cell. 2011;
146(6):866—72.

Schneider E, Pliushch G, El Hajj N, Galetzka D, Puhl A, Schorsch M,
Frauenknecht K, Riepert T, Tresch A, Mller AM. Spatial, temporal and
interindividual epigenetic variation of functionally important DNA
methylation patterns. Nucleic Acids Res. 2010;38(12):3880-90.

Deaton AM, Webb S, Kerr AR, Illingworth RS, Guy J, Andrews R, Bird A. Cell
type-specific DNA methylation at intragenic CpG islands in the immune
system. Genome Res. 2011;21(7):1074-86.

Eden A, Gaudet F, Waghmare A, Jaenisch R. Chromosomal instability
and tumors promoted by DNA hypomethylation. Science. 2003;
300(5618):455.

Matsuzaki K, Deng G, Tanaka H, Kakar S, Miura S, Kim YS. The relationship
between global methylation level, loss of heterozygosity, and microsatellite
instability in sporadic colorectal cancer. Clin Cancer Res. 2005;11(24):8564-9.
Karpf AR, Matsui S-i. Genetic disruption of cytosine DNA methyltransferase
enzymes induces chromosomal instability in human cancer cells. Cancer
Res. 2005;65(19):8635-9.

Xu N, Azziz R, Goodarzi MO. Epigenetics in polycystic ovary syndrome: a
pilot study of global DNA methylation. Fertil Steril. 2010,94(2):781-783. e781.

42.

43.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

Page 12 of 12

Teschendorff AE, West J, Beck S. Age-associated epigenetic drift: implications,
and a case of epigenetic thrift? Hum Mol Genet. 2013,22(R1):R7-R15.

Jaenisch R, Bird A. Epigenetic regulation of gene expression: how the genome
integrates intrinsic and environmental signals. Nat Genet. 2003;33:245-54.
Gleyzer N, Vercauteren K, Scarpulla RC. Control of mitochondrial
transcription specificity factors (TFB1M and TFB2M) by nuclear respiratory
factors (NRF-1 and NRF-2) and PGC-1 family coactivators. Mol Cell Biol. 2005;
25(4):1354-66.

Ongwijitwat S, Liang HL, Graboyes EM, Wong-Riley MT. Nuclear respiratory
factor 2 senses changing cellular energy demands and its silencing down-
regulates cytochrome oxidase and other target gene mRNAs. Gene. 2006;
374:39-49.

Shane B. 1 Folate Chemistry and Metabolism. In Lynn B, editor. Folate in
health and disease. Boca Raton: CRC Press; 2010. p. 1-24.

Bestor TH. The DNA methyltransferases of mammals. Hum Mol Genet. 2000;
9(16):2395-402.

Gonda TA, Kim YI, Salas MC, Gamble MV, Shibata W, Muthupalani S, Sohn
KJ, Abrams JA, Fox JG, Wang TC. Folic acid increases global DNA
methylation and reduces inflammation to prevent Helicobacter-associated
gastric cancer in mice. Gastroenterology. 2012;142(4):824-833. e827.
Rampersaud GC, Kauwell GP, Hutson AD, Cerda JJ, Bailey LB. Genomic DNA
methylation decreases in response to moderate folate depletion in elderly
women. Am J Clin Nutr. 2000;72(4):998-1003.

de la Calle M, Gallardo T, Diestro MD, Hernanz A, Perez E, Fernandez-
Miranda C. Increased homocysteine levels in polycystic ovary syndrome.
Medicina clinica. 2007;129(8):292-4.

Bayraktar F, Dereli D, Ozgen AG, Yilmaz C. Plasma homocysteine levels in
polycystic ovary syndrome and congenital adrenal hyperplasia. Endocr J.
2004;51(6):601-8.

Palomba S, Falbo A, Giallauria F, Russo T, Tolino A, Zullo F, Colao A, Orio F.
Effects of metformin with or without supplementation with folate on
homocysteine levels and vascular endothelium of women with polycystic
ovary syndrome. Diabetes Care. 2010;33(2):246-51.

Campion J, Milagro Fl, Martinez JA. Individuality and epigenetics in obesity.
Obesity reviews : an official journal of the International Association for the
Study of Obesity. 2009;10(4):383-92.

Ma'Y, Xia W, Wang DQ, Wan YJ, Xu B, Chen X, Li YY, SQ X. Hepatic DNA
methylation modifications in early development of rats resulting from
perinatal BPA exposure contribute to insulin resistance in adulthood.
Diabetologia. 2013;56(9):2059-67.

Rotterdam EA-SPcwg. Revised 2003 consensus on diagnostic criteria and
long-term health risks related to polycystic ovary syndrome (PCOS). Hum
Reprod. 2004;19(1):41-7.

Janse F, Eijkemans MJ, Goverde AJ, Lentjes EG, Hoek A, Lambalk CB, Hickey
TE, Fauser BC, Norman RJ. Assessment of androgen concentration in
women: liquid chromatography-tandem mass spectrometry and extraction
RIA show comparable results. Eur J Endocrinol. 2011;165(6):925-33.
Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner RC.
Homeostasis model assessment: insulin resistance and beta-cell function
from fasting plasma glucose and insulin concentrations in man.
Diabetologia. 1985,28(7):412-9.

Doi SA, Al-Zaid M, Towers PA, Scott CJ, Al-Shoumer KA. Steroidogenic
alterations and adrenal androgen excess in PCOS. Steroids. 2006;71(9):751-9.
Trapnell C, Pachter L, Salzberg SL. TopHat: discovering splice junctions with
RNA-Seq. Bioinformatics. 2009;25(9):1105-11.

Kramer A, Green J, Pollard J Jr, Tugendreich S. Causal analysis approaches in
Ingenuity Pathway Analysis. Bioinformatics. 2014;30(4):523-30.

Xiang Y, Zhang X, Li Q, Xu J, Zhou X, Wang T, Xing Q, Liu Y, Wang L, He L,
et al. Promoter hypomethylation of TIMP3 is associated with pre-eclampsia
in a Chinese population. Mol Hum Reprod. 2013;19(3):153-9.



	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Patient demographic data and clinical features
	Identification of DEGs in GCs between PCOS patients and controls
	Bioinformatic analysis of DEGs
	Validation of DEGs related to lipid and steroid metabolism with qPCR
	Global DNA methylation of GCs from PCOS women and controls
	MassArray EpiTYPER quantitative DNA methylation analysis of target genes
	The influence of promoter methylation status on gene expression

	Discussion
	Conclusions
	Methods
	Patient selection and sample collection
	Measurement of hormones
	Transcriptome library preparation and RNA-seq
	Mapping of RNA-seq reads using TopHat
	DEG dataset and functional analyses
	Reverse transcription and quantitative real-time PCR (qPCR)
	DNA preparation
	Quantification of 5mC
	CT conversion and MassArray EpiTYPER quantitative DNA methylation analysis
	Statistical analysis

	Additional files
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

