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3Nuclear Receptors in Ovarian 
Function

Doan Thao Dinh and Darryl Lyndon Russell

Abstract

The ovary undergoes cycles of hormone pro-
duction that regulate physiological changes 
necessary for folliculogenesis, ovulation and 
luteinisation, ultimately contributing to female 
reproductive success. Crucial to these biologi-
cal processes is stage-specific nuclear receptor 
signalling. While the transcriptional regula-
tory roles of steroid receptors in female fertil-
ity and especially ovarian functions have long 
been documented, non-steroid receptors also 
play an important part in regulating gene 
expression at various stages of ovarian devel-
opment. The recent application of high-
throughput genomic and transcriptomic 
technologies has begun to shed light on the 
molecular mechanisms underlying ovarian 
nuclear receptor actions and pointed to a com-
plex interplay between highly specific tran-
scription co-regulators as well as between 
nuclear receptors in mediating mutual as well 
as unique target genes. Interrelationships 
between nuclear receptors as well as the 
involvement of context-specific protein and 
non-protein co-regulators are likely keys to 
the precise and specific nuclear receptor action 
in the ovary. Leveraging such knowledge on 

the nuclear receptor network is especially 
valuable in the development of novel fertility 
treatments as well as female contraceptives.
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3.1	� Introduction

The ovary is responsible for ensuring female 
reproductive success through the generation of 
viable oocytes for fertilisation and development 
as well as the production of hormones that coor-
dinate the reproductive cycle and support preg-
nancy and lactation. Critical ovarian functions 
include follicle development (folliculogenesis), 
oocyte maturation, ovulation and luteinisation. 
Crucial to the precise regulation of all ovarian 
functions is the involvement of reproductive hor-
mones; in particular, reproductive steroids and 
their receptors are the archetypal hormone net-
work. Ligand-activated receptors provide an ele-
gant mechanism for communication between 
different organs or cell types to control and coor-
dinate the many critical reproductive processes. 
In the ovary multiple nuclear hormone receptors, 
including steroid and non-steroid receptors, are 
activated at specific stages and regulate a com-
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plex network of signalling pathways via their tar-
get genes.

3.2	� Hormonal Control 
of Dynamic Physiological 
Change in the Ovary

	(a)	 Folliculogenesis:

The ovarian follicle is composed of an oocyte 
surrounded by  somatic cells  – mural granulosa 
cells, cumulus cells and theca cells. The complex 
interactions between each of these compart-
ments, often involving steroid hormone signals, 
are vital for ovarian functions. A typical ovarian 
follicular cycle is illustrated in Fig.  3.1. 
Folliculogenesis initiates prior to birth and in the 
developing ovary, oocytes enter meiosis and germ 
cell division is arrested early at meiosis I pro-
phase in prenatal development [1]. At, or shortly 
after birth, meiotically arrested oocytes are 
assembled into primordial follicles in which they 
are surrounded by a layer of flat, un-differenti-
ated pre-granulosa cells [2]. Follicle growth 
and  development (folliculogenesis) is sporadi-
cally initiated each day in a small number of pri-
mordial follicles. During the  early stage of 
follicle development, granulosa cells also display 
morphological changes, becoming cuboidal 
and proliferative [3]. During early follicle growth 
granulosa cells are not steroidogenic, but as the 
follicle grows, specialised stromal cells called 
theca cells are recruited from a progenitor pool in 
the ovarian stroma, then proliferate and differen-
tiate to form the theca layer surrounding the exte-
rior of the  follicle. Theca cells express 
steroidogenic enzymes that are necessary to con-
vert cholesterol to testosterone (T) under the con-
trol of luteinising hormone (LH) [4]. This 
testosterone is secreted and taken up by granu-
losa cells, which convert it to estrogen (E2) via 
the P450 Aromatase enzyme encoded by  the 
Cyp19a1 gene, regulated by follicle stimulating 
hormone (FSH) from the pituitary. This regula-
tion of two independent cell types by two distinct 
gonadotrophins, known as the  two-cell two-
gonadotropin theory, provides exquisite control 

of the regular female hormone cycle driven by 
the developmental status of the ovarian follicles. 
E2 produced by  growing follicles acts on the 
pituitary to repress FSH production, while also 
stimulating GnRH synthesis and  release by the 
hypothalamus, thus promoting the release of LH 
pulses. As a result, granulosa cells of dominant 
follicles acquire FSH-independent growth and 
development, while rising LH levels further stim-
ulate theca cells and begin to also act on granu-
losa cells, promoting their differentiation 
to  preovulatory stage. During folliculogenesis, 
granulosa cell specification and the formation of 
the fluid-filled antral space also lead to the dif-
ferentiation between cumulus cells, which imme-
diately surround the oocyte and are important 
in promoting oocyte growth and developmental 
competence, and mural granulosa cells which are 
involved in steroid and protein hormone produc-
tion in response to FSH and LH [5].

	(b)	 Ovulation: 

Continued rising E2 from preovulatory follicles 
causes larger and more frequent pulses of LH 
release from the pituitary until the pulses merge 
to become the mid-cycle LH-surge. Preovulatory 
ovarian follicles respond to the LH surge, result-
ing in a number of dynamic morphological, 
molecular and biochemical events in preparation 
for the release of the mature oocyte into the ovi-
duct and potential fertilisation, embryo develop-
ment and implantation [6]. A multifaceted 
interplay between different components of the 
pre-ovulatory follicle, including oocytes and 
their surrounding somatic cells, has to be coordi-
nated to achieve ovulation. In oocytes, meiotic 
resumption occurs leading to the extrusion of the 
first polar body, which carries half of the genetic 
material, and the  second meiotic arrest at MII 
stage. At the same time, the surrounding cumulus 
cell layers produce a specialised extracellular 
matrix (ECM), causing the cumulus oocyte com-
plex (COC) to expand and increase in volume, as 
well as gaining additional migratory and invasive 
properties which are necessary for ovulation [7]. 
The COC, containing a  mature oocyte, is then 
released into the oviduct from the peri-ovulatory 
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Fig. 3.1  Follicle development and nuclear receptor 
action in the ovary. (a) Circulating levels of gonado-
tropins; follicle stimulating hormone (FSH) and lutein-
ising hormone (LH) and steroids associated with stages 
of follicle development (folliculogenesis). (b) During 
folliculogenesis, follicles grow and differentiate, form 
the antrum cavity, granulosa cells (green) diverge into 
mural granulosa and cumulus cells. Steroidogenic theca 
cells (yellow) produce progesterone, most of which is 
converted to testosterone. Testosterone diffuses to the 
granulosa cell layers, where the aromatase enzyme con-
verts it to estrogen. The rise in circulating estrogen 

stimulates the hypothalamus and pituitary, prompting 
the LH surge which triggers release of the mature oocyte 
from the follicle (ovulation), while residual granulosa 
cells luteinise, forming the highly steroidogenic corpus 
luteum which secretes progesterone to support implan-
tation and pregnancy. (c) Expression and role of nuclear 
receptors at different stages of folliculogenesis. Position 
and size of boxes reflect the temporal expression of each 
nuclear receptor in granulosa cells. Nuclear receptors 
that are present in granulosa cells but do not have a 
well-described temporal expression pattern are greyed

follicle at the follicle apex. For this to occur, the 
physical cellular barrier of the follicle, composed 
of multiple layers of ECM as well as granulosa, 
theca and  surface epithelial cells, needs to be 
thinned and broken down through tissue remod-
elling. This involves many concurrent processes, 
including proteolytic degradation of ECM layers, 

surface epithelial cell apoptosis, immune cell 
recruitment and  theca cell migration [6]. Aside 
from tissue remodelling, precisely-timed muscle 
contraction as well as vasocontraction at the apex 
are also required for the release of the oocyte. 
The ovulatory surge of LH also induces terminal 
differentiation of granulosa cells into highly ste-
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roidogenic luteal cells, which synthesise choles-
terol and convert it to progesterone that acts 
on the uterus to promote implantation 
and  gestation. Another important part of 
the tissue remodelling process is the gen-
eration of new vasculature around the peri-
ovulatory follicle, which  is necessary for 
the formation of the corpus luteum (CL) 
from the ovulated follicle by providing 
nutrients and hormones to the developing 
CL, and providing ready access for highly 
active hormone secretion from the CL to 
reach circulation.

3.3	� Physiological Effects 
of Nuclear Hormone 
Receptors on Ovarian 
Functions

Nuclear hormone receptors are a family of 
ligand-dependent transcription factors that are 
usually activated through binding with steroid 
hormones or other signalling lipid-soluble 
molecules and directly interact with chroma-
tin. Despite the name, the ligands for many 
nuclear receptors are as yet unknown and 
these are thus referred to as ‘orphan’ nuclear 
receptors. In addition to genomic actions, 
many are also known to have non-genomic 
roles in various contexts [8, 9]. While several 
orphan receptors have important ovarian roles, 
in particular SF1 for early ovarian develop-
ment and LRH1 for folliculogenesis and ovu-
lation, for the purpose of this review, only 
hormone receptors with well-described 
ligands and their genomic actions will be con-
sidered, with orphan receptors having been 
reviewed elsewhere [10]. The ligand activated 
receptors are grouped into two classes:
	(a)	 Steroid receptors (SR), which are steroid 

hormone-binding transcription factors 
(NR3 family) including progesterone 
receptor (PGR), estrogen receptor (ER), 
androgen receptor (AR), glucocorticoid 
receptor (GR) and mineralocorticoid 
receptor (MR).

	(b)	 Non-steroid receptors, loosely including 
transcription factors not in the NR3 fam-
ily that bind and are regulated by ligands 
that are lipid permeable compounds, such 
as vitamins, lipid metabolites or retinoids. 
These include peroxisome proliferator-
activated receptor (PPAR), thyroid hor-
mone receptor (TR), vitamin D receptor 
(VDR), retinoic acid receptor (RAR) and 
retinoid X receptor (RXR).

	(a)	 Steroid receptors in the ovary:

The steroid hormones are classical regulators of 
reproductive processes. Highly regulated secre-
tion of hormones and expression of their recep-
tors enable communication and exquisite 
coordination of the functions of the different 
reproductive organs in preparation for fertilisa-
tion and pregnancy. The ovary is the primary 
source of estrogen, androgens and progesterone 
in females and ovaries are themselves responsive 
to these signals through steroid receptors that are 
expressed at key developmental stages.

Progesterone (P4) is an essential reproductive 
hormone critical in the ovary for ovulation, in the 
uterus for implantation and gestation, as well as 
in the mammary gland for milk production. In the 
final stages of ovarian follicle maturation, differ-
entiated granulosa cells of preovulatory follicles 
respond to the LH surge and begin to express 
Cyp11a1, which encodes the P450 side chain 
cleavage enzyme that is rate-limiting for P4 pro-
duction [11]. This results in steadily increasing 
P4 secretion by the ovarian follicular granulosa 
cells immediately prior to ovulation, which con-
tinues to rise as the follicle luteinises and remains 
high throughout gestation. P4 mainly functions 
through the direct binding and activation of its 
cognate receptor PGR, a nuclear steroid receptor 
that has profound importance in the regulation 
and maintenance of normal female reproductive 
physiology. In different female reproductive tis-
sues, PGR responding to rising P4 secretion from 
the ovary shows distinct functions that are highly 
dependent on each tissue context, revealed in 
studies on PGR knockout (KO) mouse models 
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[12, 13]. In the pre-ovulatory ovary, PGR is 
expressed exclusively in granulosa cells and is 
highly induced in response to the ovulatory 
LH-surge [14]. PGRKO female mice are infertile 
due to complete anovulation [12]. Likewise, 
treatment with PGR antagonist results in ovula-
tion suppression in rodents and humans [15–17], 
and silencing of ovarian PGR expression results 
in ovulation disruption in macaques [18]. 
Luteinisation of follicles is unaffected in PGRKO 
or PGR-antagonist treated models with the result-
ing CLs containing entrapped oocytes, indicating 
that ovulation is specifically dependent on PGR 
action in the ovary [12]. PGR is a key regulator of 
a number of ovulatory genes that are involved in 
tissue remodelling (Adamts1), cumulus expan-
sion (Areg, Ereg) and also acts upstream to other 
ovulatory transcription factors (Pparg, Hif1a) 
[19]. PGR includes two main isoforms, PGR-A 
and PGR-B, both of which are present in most 
PGR-positive cells. Even though both isoforms 
are expressed in granulosa cells of pre-ovulatory 
follicles, PGR-A is credited as the more essential 
isoform in ovulation, as determined from studies 
on null mouse models that are specific to each 
PGR isoform [20, 21]. Female mice that have a 
mutation which prevents production of functional 
PGR-A exhibit a specific failure of follicle rup-
ture, but not luteinisation, even after gonadotro-
pin stimulation. However, female mice lacking 
PGR-B have normal ovulation and fertility. 
Analysis of total and isoform-specific knockout 
granulosa transcriptomes indicates that such phe-
notypic properties are a result of broad differ-
ences in gene expression patterns that are driven 
by PGR-A and not PGR-B, in which PGR-B 
deletion had very limited impact on gene expres-
sion in LH-stimulated ovaries, while PGR-A 
deletion caused very similar gene expression 
changes to the total PGRKO [22]. The role of 
PGR on oocyte development, however, is less 
clear. Oocytes from total PGRKO mice that are 
extracted from preovulatory ovaries and sub-
jected to in vitro maturation are capable of COC 
expansion, fertilisation and developing into nor-
mal pups [23]. Furthermore, while there is  
in vitro evidence that PGR antagonist treatment 

has detrimental effects on cumulus expansion in 
pigs [24], there is no evidence for a role for PGR 
in human cumulus cells or oocyte maturation.

A direct intraovarian role for estrogen to pro-
mote FSH-independent survival, proliferation 
and differentiation of granulosa cells is well 
known [25]. In granulosa cells, estrogen receptor 
β (ERβ) is expressed at all stages of development, 
from the secondary follicle stage onwards to CL 
[26, 27]. ERα, however, is not found in granulosa 
cells but rather in theca and interstitial cells. 
Correspondingly, it has been shown through a 
number of mouse models that ERβ is the more 
important form in ovulation. Knockout of ERβ in 
female mice results in reduced cumulus expan-
sion, ovulation and corpus luteum formation and 
hence reduced litter size, which cannot be res-
cued through gonadotrophin stimulation [28]. A 
number of FSH-regulated genes, including the 
LH receptor-encoding gene Lhcgr and 
LH-regulated downstream target genes, show 
disrupted expression in ERβKO granulosa cells 
[29]. Thus, in response to E2, ERβ mediates a 
gene expression profile that is required for granu-
losa cell differentiation to the fully LH-responsive 
preovulatory stage. ERβ also has a role in sup-
porting the emergence of dominant follicles and 
their progression to become preovulatory folli-
cles [30]. This is in contrast to the ERαKO model, 
in which anovulation can be ameliorated through 
exogenous gonadotrophin stimulation, indicating 
that the key role for ERα is in the regulation of 
gonadotropin release from the pituitary [31]. The 
involvement of non-classical ERα actions in fer-
tility has also been investigated in separate trans-
genic mouse models carrying point mutations in 
the LBD or AF-2 region of ERα respectively, 
resulting in disrupted ERα ligand binding func-
tion and plasma membrane association. Both of 
these mouse models showed a similar reversible 
anovulation phenotype due to defects in survival 
and proliferation of granulosa cells and theca 
cells. This suggested that ERα can have extranu-
clear and ligand-independent ovarian functions 
[32, 33]. Furthermore, theca-specific KO of ERα 
leads to a less severe reproductive phenotype, 
where aberrant oestrus cycling pattern results in 
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more pronounced fertility decline in older female 
mice, further indicating that ERα has only a 
minor role in the theca, and is most important in 
regulating gonadotropin release to mediate repro-
duction [34]. In breast cells and in the endome-
trium, ER has been shown to be immediately 
upstream of PGR expression through direct bind-
ing of ER to response elements within the PGR 
promoter [35]. Such sites are dispensable for 
PGR expression in granulosa cells [36]. Rather, 
the effect of ERβ on PGR expression in this con-
text is more likely indirect, through the mediation 
of LH receptor expression, which is required for 
LH-induced PGR induction as shown through 
transcriptomic analysis of ERβKO vs WT granu-
losa cells [29, 37]. A similar pathway is likely the 
mechanism by which ERβ regulates other ovula-
tory transcription factors, including RUNX1 and 
RUNX2. Rather than having a direct role in ovu-
lation, transcription analysis of ERβ KO vs WT 
in pre-ovulatory follicles indicates that ERβ is 
required for growth and development of follicles, 
in particular steroidogenesis and the PKA-cAMP 
signalling pathway that is responsive to FSH.

Androgen receptor (AR) is a nuclear hormone 
receptor closely related to PGR, with very similar 
protein structure and DNA binding sequence 
specificity [38]. In the ovary, AR is expressed in 
the oocyte, cumulus, granulosa and theca cells at 
most stages throughout folliculogenesis [39]. 
Androgens, the key ligands of AR, are synthe-
sised in the ovarian theca cells which express the 
rate limiting steroidogenic enzyme Cyp17a1 
under the control of LH [40]. Treatment with the 
AR ligand T or the non-aromatisable AR ligand 
dihydrotestosterone (DHT) promotes follicle 
growth in vitro [41, 42]. T is also required for 
Fshr and Lhcgr expression and hence for the 
induction of PGR in cultured granulosa cells 
[43]. In vivo treatment with non-aromatisable 
ligand DHT also stimulates the expression of 
LH-responsive ovulatory genes, indicating this is 
a direct effect of androgen, not its conversion (via 
aromarisation) to E2 [40]. Global KO of AR in 
mice results in overall poorer female fertility, 
with a reduction in antral follicle count, impaired 

oocyte maturation and reduced expression of ste-
roidogenesis genes [44]. When AR is knocked 
out specifically in granulosa cells, defective 
folliculogenesis is again observed as well as dis-
ruption in steroidogenesis and the estrus cycle 
[45, 46]. However, in young mice ovulation can 
be rescued with exogenous gonadotropin, sug-
gesting that AR also has non-ovarian reproduc-
tive functions. Knockout of AR in other ovarian 
cell types, including the oocyte and theca cells, 
has no effect on female fertility [45, 47], indicat-
ing that only AR action in granulosa cells is com-
pulsory for female reproduction. Another key 
physiological focus on androgen action in the 
ovary is in the aetiology of polycystic ovary syn-
drome (PCOS), which is linked to elevated 
androgen exposure during development and 
affects androgen levels, metabolism, insulin sen-
sitivity, fat deposition, risk of cardiovascular dis-
ease and many other diseases in adults. In the 
ovary, elevated T levels cause arrested follicle 
growth at the antral stage, leading to an accumu-
lation of immature cystic follicle structures  – 
which gave the condition its name – and resulting 
in failure to ovulate, hence sub-fertility [48]. 
Ablation of AR in neuronal cells can ameliorate 
many of the features of PCOS, indicating that the 
effects of androgen excess are multifactorial and 
includes effects on the central nervous system 
[49]. Thus the balance of AR signalling appears 
to be important for fertility regulation, with either 
too low or too high stimulation being detrimental 
[50].

Corticosteroid receptors include glucocorti-
coid receptor (GR) and mineralocorticoid recep-
tor (MR), which are activated by the adrenal 
hormones cortisol and aldosterone. GR is 
expressed in oocytes and granulosa cells [51] and 
is shown in macaques to be LH-induced [52]. 
Due to the lethal effect of GR knockout in mouse, 
little is known about the role of GR in the context 
of reproduction. The recent generation of a viable 
GRKO model in zebrafish has begun to indicate a 
role of GR in female fertility, as GRKO female 
fish display reduced ovulation and fertilisation 
rate [53]. However, it is unknown whether this is 
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a specific consequence of ovarian GR ablation or 
whether it is due to systemic lack of GR. MR is 
reported to have different expression patterns in 
the ovary depending on the species [52, 54], how-
ever its roles remain unknown.

In summary, the ovary is the primary source of 
female reproductive hormones, while specialised 
spatio-temporal expression of corresponding SR 
are also mediated through hormonally controlled 
mechanisms. As a consequence, ovarian func-
tions are tightly governed by steroid hormones 
and corresponding SR, resulting in the highly-
coordinated regulation of folliculogenesis, ovula-
tion, oocyte maturation and luteinisation. While 
the roles of of ERβ, PGR and AR in female fertil-
ity have been described extensively, the roles of 
GR and MR remain largely unexplored.

	(b)	 Non-steroid nuclear receptors:

Several families of nuclear receptors that are 
structurally related to the steroid receptor family 
but are regulated by ligands linked to cell homeo-
stasis and metabolism, such as lipid derivatives, 
fatty acids or vitamins, are also expressed in the 
ovary. These ligand-receptor interactions play 
important paracrine roles in regulation of follicu-
logenesis and ovulation.

The peroxisome proliferator activated recep-
tor (PPAR) family, consisting of PPARα, PPARδ 
and PPARγ, has fatty acids and prostaglandins as 
its activating ligands. PPARα and PPARδ are 
present in theca and stromal cells [55], while 
PPARγ is expressed in mouse granulosa cells at 
most stages of follicular development [55] and is 
induced through a PGR-dependent mechanism 
after the ovulatory LH-surge [56]. 
Consequentially, PPARγ has been shown to be 
critical for ovarian functions. A granulosa-
specific PPARγ KO mouse model has dramati-
cally impaired ovulation as well as reduced CL 
formation and progesterone production [56]. 
Evidence suggests there are species differences 
in the role of PPARγ during ovulation, since the 
expression of PPARγ mRNA has been shown to 

be reduced after ovulation induction in macaque 
[57] and rat granulosa cells [55]. While the 
pattern of regulation in human is yet to be dem-
onstrated, pharmacological activators of PPARγ 
have been shown to improve ovulation in women 
with PCOS [58]. In mice, treatment in the peri-
ovulatory stage with agonists of PPARγ have also 
been shown to improve the developmental com-
petence of oocytes impacted by metabolic distur-
bance [59]. PPARα and PPARδ have not been 
found to participate in the regulation of reproduc-
tion in genetic ablation models, with PPARα KO 
mice being fertile [60] and PPARδ KO being 
embryonically lethal [61]. A number of PGR-
regulated genes are now recognised to be down-
stream of PPARγ during ovulation in mice, 
including Edn2 and Il6, which are important in 
smooth muscle contraction and cumulus expan-
sion [56]. PPARα and PPARγ are also present in 
ovarian macrophages, where expression of the 
inflammatory mediator Nos2 is regulated by 
PPAR agonist [59].

The nuclear receptor for vitamin D (VDR) is 
expressed in granulosa cells [62] and associated 
with follicle growth and granulosa cell prolifera-
tion [63]. The ablation of VDR in mice thus 
results in female infertility due to impaired fol-
liculogenesis [64]. In some reports, this repro-
ductive phenotype can be ameliorated through a 
calcium-supplemented diet, however other data 
contradict this suggestion [63]. In a pathology 
context, vitamin D signalling has also been linked 
to PCOS, and vitamin D supplement has been 
shown to be beneficial in PCOS patients in 
improving glucose and lipid metabolism, testos-
terone level, insulin resistance and ovarian folli-
cle development [65–69].

The thyroid hormone receptor (TR) family 
consists of isoforms TRα and TRβ, both of which 
are expressed in oocytes, granulosa cells and 
theca cells at different stages of follicle develop-
ment [70]. For TRα, an alternative splicing iso-
form (TRα-2) is more important for female 
reproduction, as shown through impaired fertility 
in TRα-2 KO female mice [71]. Mice that have 
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either TRα-1 (the canonical TRα isoform) or TRβ 
ablated are reported to have normal fertility [72, 
73], however double KO of both transcription 
factors results in reduced fertility rate [74], allud-
ing to the existence of a shared mechanism of 
TRα-1 and TRβ in regulating female reproduc-
tion which until now has remained unexplored. 
Additionally, a recent report has suggested a cor-
relation between TRα in human granulosa cells 
and fertility, in which TRα-2 mRNA level is 
higher in infertile women and TRα expression is 
negatively correlated to Has2 and Ptgs2 [75].

The three subtypes of retinoic acid receptor 
(RAR) – RARα/RARβ/RARγ – are expressed in 
the ovary, specifically in granulosa cells and 
oocytes [76], and the role of RA in folliculogen-
esis and granulosa cell functions has been indi-
cated in a number of studies. In granulosa cells, 
treatment with RA promotes the expression of 
LHR through inducing Lhcgr promoter demeth-
ylation in a granulosa cell-specific manner [77]. 
Mice given a vitamin A-deficient diet or treated 
with an inhibitor of alcohol dehydrogenase 
(required for RA conversion) show reduced ovu-
lation and oocyte maturation rate [78]. Using a 
lacZ reporter mouse model, it has been shown 
that RA acts through the activation of RAR, but 
this did not differentiate between different RAR 
isoforms. Conversely, triple KO of all three RAR 
in granulosa cells does not affect fertility [79], 
thus necessitating further studies into the mecha-
nism through which RA regulates ovarian func-
tions. Another nuclear receptor with little known 
reproductive function is RXR.  Activated by a 
number of retinoid molecules, there has been 
little to no research on the involvement of the 
three RXR proteins (RXRα, RXRβ, RXRγ) in 
ovarian functions, although RXRβ and RXRγ 
KO mice reportedly reproduce normally [80]. In 
granulosa cells, PPARγ and RXR have been 
shown to regulate the ovary specific promoter of 
Cyp19a1, thus modulating E2 production [81].

Together with steroid hormones, non-steroid 
ligands and their nuclear receptors play diverse 
roles in follicle development and ovulation, as 
summarised in Fig.  3.2. However, in contrast to 
SR which have been the focus of reproduction 
biology for many years, details on the importance 

and mechanism of non-steroid receptors in female 
fertility are largely absent from the literature, apart 
from more recent works on the PPAR family.

3.4	� Signalling Mechanism 
of Nuclear Receptors 
in the Ovary

	(a)	 Steroid receptor genome interactions in the 
ovary

As discussed, most steroid ligands are produced 
in the ovary, hence local concentrations of ste-
roids are elevated at certain stages of the repro-
ductive cycle, with their receptors being 
expressed under the control of reproductive hor-
mones including steroids and gonadotropins. 
Upon activation by ligand binding, steroid recep-
tors dimerise and, if cytoplasmic, translocate 
from the cytoplasm to the nucleus [82]. As in all 
target tissues, SR in the ovary mainly exert their 
effects through directly binding DNA at specific 
hormone nuclear receptor response element 
sequences (HRE), leading to the transcriptional 
induction or repression of specific genes. The 
canonical response elements bound by PGR, AR, 
GR and MR are minor variations on a highly 
similar core motif (5′-GnACAnnnTGTnC-3′), 
whereas ER utilises a different motif (ERE, 
5′-AGGTCAnnnTGACCT-3′). Further charac-
terisation of specific binding motif preference 
found that sequences flanking the core HRE 
motif are important for GR and AR specific inter-
action [83, 84], but this has not been elaborated 
for PGR. These motifs are present in the regula-
tory regions (promoter or enhancer) of many tar-
get genes and bound by specific activated 
receptors to regulate transcription. The influence 
of SR is not only restricted to genes with full con-
sensus HRE, as SR are also recruited to regions 
with HRE half-sites [85–87], or can be tethered 
to chromatin through interaction with other 
DNA-binding transcription factors [88, 89].

Growing evidence that SR can interact with 
target chromatin sites through tethering at non-
canonical motifs adds complexity to the mecha-
nisms of the transcriptional regulation by SR. In 

D. T. Dinh and D. L. Russell



49

Fig. 3.2  Hormone regulation of gene expression dur-
ing folliculogenesis and ovulation. (a) During folliculo-
genesis gonadotrophins LH and FSH promote production 
of testosterone (T) and its conversion by Cyp19a1 (aroma-
tase) to estradiol (E2) in theca and granulosa cells respec-
tively. Testosterone and E2  in turn act through their 
nuclear receptors, androgen receptor (AR) and estrogen 
receptor beta (ERβ), promoting expression of FSH and 
LH receptors (Fshr, Lhcgr), cell proliferation genes such 
as cyclin dependent kinases (Cdk), and others. 
Mineralocorticoid receptor (MR), vitamin D receptor 

(VDR) and Retinoid X receptor (RXR) also contribute to 
control of folliculogenesis. (b) The ovulation activating 
LH-surge induces high expression of progesterone recep-
tor (PGR) which stimulates a cascade of ovulation genes 
including peroxisome proliferating receptor gamma 
(Pparg), A disintegrin and metalloproteinase-1 (Adamts1), 
Amphiregulin and Epireguliln (Areg, Ereg) and Hypoxia 
induced factor-1 alpha (Hif1a). The orphan receptor 
LRH1, as well as glucocorticoid receptor (GR) and reti-
noic acid receptor (RAR) are also important regulators of 
ovulatory gene expression

such cases, the cooperation between SR and 
other DNA-binding transcription factors in a 
context-specific manner is crucial, as is the role 
for each transcription factor in the recruitment of 
the transcriptional machinery. Despite the impor-
tance of steroid hormones and their receptors in 
female fertility, the unique molecular mecha-
nisms that distinguish their ovarian functions 
from other hormone-responsive organs remain 
largely unexplored. Recently, the unique roles of 
PGR in different female reproductive tissues 
have been identified at the cistromic and 
transcriptomic levels. PGR displays specific pref-
erences for DNA binding in each tissue, which 
results in tissue-specific gene regulation patterns. 
A study comparing PGR cistromes between 
T47D breast cancer cell line versus primary leio-
myoma found less than 15% overlap in PGR-
binding sites [90]. Similarly, less than 10% of 
PGR binding sites were found to be shared 
between progesterone-responsive granulosa cells 
and uterine tissue, which leads to the regulation 
of distinct sets of genes in different female repro-
ductive tissues with little overlap [14]. Further 
exploration into the chromatin binding patterns 
of PGR in each context discovered a strong pref-
erence for proximal promoter regions (within 

3 kb of transcription start sites) in granulosa cells 
but not in the uterus. Additionally, a predilection 
for interaction with distinct non-canonical motifs 
was also indicated in granulosa cells, suggesting 
direct interaction of PGR with AP1 and RUNX 
transcription factors in an ovarian-specific con-
text [14]. Apart from regulating gene expression 
through promoter binding, PGR also shows the 
potential to mediate enhancer action through 
binding non-promoter regions. For example, in 
granulosa cells PGR binds a number of chroma-
tin sites within Zbtb16 intronic bodies, including 
sites previously shown to have enhancer action 
that promotes the expression of Zbtb16 [91]. 
PGR chromatin binding is highly associated with 
chromatin accessibility, as demonstrated through 
ATAC-seq and H3K27ac ChIP-seq of mouse 
peri-ovulatory granulosa cells [14, 22]. 
Importantly, PGR shows an active role in driving 
chromatin accessibility and does not only take 
advantage of pre-accessible chromatin sites, sug-
gesting PGR-chromatin binding is not dependent 
on a pioneer factor [22]. Although several studies 
have focused on AR and GR chromatin binding 
[92–94], none has been performed in the context 
of the ovary. Given the stark differences in SR 
action in different tissue contexts, investigation 
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into the ovarian cistromic action of these SR will 
be required to fully understand their importance 
in ovarian functions.

ERβ plays a critical role in granulosa cell 
specification and function [29]. However, the 
activation of gene expression by ERβ in granu-
losa cells is dependent on the presence of FOXL2, 
another granulosa cell specification factor [95, 
96]. This guidance of chromatin binding by cell-
specific co-factors could explain the mechanism 
for unique transcriptional activity of ERβ in gran-
ulosa cells, however to date there has been no 
systematic comparison of ERβ and FOXL2 bind-
ing sites. Similarly, FOXL2 has also been impli-
cated in AR action in granulosa cells [95]. The 
exact mechanism for such involvement remains 
unknown, however in prostate and mammary 
gland the related transcription factor FOXA2 has 
been shown to play a vital pioneer function for 
ER and AR [97].

	(b)	 Steroid receptor isoforms:

Many SR are expressed in various different iso-
forms as a result of diverse translation initiation 
sites or alternative transcript splicing from a sin-
gle gene. The two main PGR isoforms, A and B, 
generated from different translational start 
codons, have long been the focus of attention due 
to their discrete roles in different reproductive tis-
sues. The longer PGR-B isoform includes the 
additional activation function-3 (AF-3) transacti-
vation sequence in the N-terminal region, which 
mediates different co-regulator interactions [98]. 
This results in a higher transactivation capacity 
for PGR-B compared to PGR-A, and specific 
transcriptomes governed by each isoform. Not 
only does each PGR isoform exhibit discrete 
tissue-specific functions, the interplay between 
the isoforms can be highly complex and is pre-
cisely regulated in a spatiotemporal pattern and 
tissue-specific manner. In the ovary, both PGR-A 
and PGR-B are present and induced in response 
to the LH surge, with PGR-A being slightly pre-
dominant [20]. In the context of cancer, the bal-
ance of PGR-A:PGR-B ratio is important for 
cellular responses and the elevation of tumour 
development [99]. Interestingly, elevated PGR-A 

abundance can cause trans-repression of not only 
PGR-B but also other SR including GR and ER, 
without affecting their expression level [100]. 
Attempts have been made to elucidate the nature 
of such trans-repressive function, however the 
exact nature of the inhibitory process, such as the 
involvement of other co-repressors or the effect 
on PGR-B stability, is still poorly understood. In 
the uterus, this auto-inhibitory function plays an 
important role during parturition, in which uter-
ine progesterone withdrawal induces PGR-A 
trans-repression of PGR-B function, leading to 
an upregulation in contraction and inflammation 
genes and consequently to the onset of labour 
[101, 102]. Whether such a mechanism also 
influences PGR action in granulosa cells remains 
unknown.

AR, GR and MR can also be translated in mul-
tiple isoforms, with the two main isoforms of AR 
and MR generated through separate translation 
start sites. For AR, it has been shown in the 
human ovary that the abundance of the full-length 
AR-B outweighs that of the slightly more trun-
cated AR-A [103]. Like PGR, AR-A and AR-B 
are also shown to be functionally diverse [104]. 
Less is known about MR isoforms and isoform-
specific expression pattern in the ovary; however 
it has been shown that MR-A possesses stronger 
transactivation action than MR-B [105]. The 
main isoforms of GR are GRα and GRβ, gener-
ated through alternative splicing events, and 
within each isoform multiple variants can arise 
based on different translation start sites. GRβ can 
act as a dominant negative inhibitor of GRα at 
glucocorticoid-responsive target genes [106]. 
The composition and dynamics of GR in the 
ovary and whether different GR isoforms are 
involved in the mediation of GR action in the 
ovary remains a mystery. The ERα and ERβ iso-
forms are expressed from separate genes and are 
less commonly found in the same cell types. In 
the ovary in particular, Esr2, which encodes ERβ, 
plays the predominant role in granulosa cells 
mediating folliculogenesis, while Esr1 encoding 
ERα is more predominantly expressed in theca 
cells [26, 27], thus it is less likely that the two 
isoforms are directly functionally linked in the 
ovarian context.
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	(c)	 Steroid receptor protein interactions:

A wide range of coactivators and corepressors 
has been associated with SR in various biological 
contexts. A classic coactivator family is the aptly 
named SR coactivators (SRC), whose members, 
especially the earliest known coactivators SRC-
1, SRC-2 and SRC-3, were identified through 
their ability to bind SR upon ligand activation 
and mediate SR transcriptional activation [107, 
108]. This ability to promote SR transactivation 
is explained by the histone acetyltransferase 
activity of SRC [109]; furthermore, SRC can also 
interact with other histone modifiers, thus pro-
moting additional chromosomal modifications in 
preparation for transcription. One key example is 
CBP/p300, which can act in synergy with SRC-1 
to promote PGR and ER activation of gene 
expression in vitro [110]. Recent work on the 
synergy of the ER/SRC/CBP interaction has fur-
ther elucidated the relationship between different 
components of the nuclear receptor-related tran-
scription complex, in which SRC-3 proteins act 
as linkage between ER and CBP/p300 that in turn 
acetylates nearby histones and facilitates chro-
matin accessibility and gene transcription [111]. 
The expression of SRC1–3 as well as SRA and 
the corepressors NCOR and SMRT has been 
demonstrated in the ovary as well as in granulosa 
tumor cells [112]. However, to date there is insuf-
ficient study on the expression and actions of the 
SRC family during ovarian folliculogenesis, thus 
this aspect of steroid action remains not fully 
understood.

Aside from recruiting chromatin remodellers 
and components of the basal transcription com-
plex, SR can also interact with members of other 
DNA-binding transcription factor families, which 
can enable tethering to non-canonical motifs or 
cooperative mechanisms that lead to the targeting 
of an expanded range of genes without the HRE 
motif. In the ovary, the identification of specific 
PGR binding partners at PGR-bound chromatin 
sites in individual PGR-regulated genes led to the 
suggestion that PGR interacts with SP1 related 
transcription factors [88]. Further genome-wide 
assays identified enrichment of AP1 and RUNX 
motifs at PGR bound sites [14]. Such studies 

have indicated a specific suite of transcription 
factors that are likely to be involved in PGR regu-
lation of ovarian function. This PGR-RUNX 
interaction has to date only been identified in 
granulosa cells, suggesting that this may be a 
tissue-specific mechanism of hormone action. 
PGR colocalisation with both RUNX1 and 
RUNX2 in response to ovulatory cues was dem-
onstrated through proximity ligation assay and 
comparative ChIP-seq analysis showed that PGR 
and RUNX1 chromatin binding regions closely 
overlapped, sharing a high number of mutual 
chromatin binding sites as well as downstream 
target genes. These findings illustrate physical 
and functional interactions of PGR and RUNX1/2. 
At the same time, PGR was also shown to inter-
act with members of the JUN/FOS and NR5A 
families, members of which are also expressed in 
ovarian granulosa cells and play a role in ovula-
tion. Whether all of these proteins assemble into 
one mutual transcription complex or whether 
each exhibits unique interacting dynamics with 
PGR remains to be explored.

Together, these findings on the interactions of 
SR indicate that the precise co-expression pattern 
of the different SR members, as well as other 
transcription factor families, can influence the 
hormone response, providing a potential mecha-
nism for cell-specific regulatory action. As SR 
members can share binding partner repertoires, in 
granulosa cells where PGR, AR, ERβ and GR are 
known to be co-expressed, deciphering the indi-
vidual and mutual interactomes of these SR will 
be complex.

	(d)	 Interaction with non-protein co-regulators:

SR action can also be modulated by RNA com-
ponents, which are often overlooked due to their 
low abundance. The classic RNA regulator of SR 
is Sra1, a long non-coding RNA (lncRNA) that 
forms a physical interaction with and promotes 
SR transactivation [113, 114]. Curiously, Sra1 
can also exhibit SR regulatory function in the 
form of an encoded protein, named SRAP [115]. 
The Sra1 lncRNA seems to generically bind SRs 
and non-steroid nuclear receptors and can medi-
ate their interaction with other protein co-regula-
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tors [116], while the mechanism for SRAP action 
remains unknown [117]. While the roles of Sra1 
and SRAP are mainly examined in the context of 
tumorigenesis [118, 119], transgenic mice with 
overexpressed Sra1 are subfertile and the pres-
ence of Sra1 and its protein counterpart has been 
linked to reproductive disorders that affect the 
ovary and uterus [120–122]. The spatial and 
temporal patterns of Sra1 expression during fol-
liculogenesis and ovulation have not been 
explored in depth, however our unpublished data 
shows an induction in Sra transcription and asso-
ciated interaction with PGR post-LH surge. 
Another lncRNA that has been attributed to SR 
regulation is Gas5. The genomic structure of 
Gas5 is complex and generates various isoforms 
due to alternative splicing and intronic retention 
[123]. Furthermore, small nucleolar RNA 
(snoRNA) encoded in the Gas5 introns are also 
functional regulators of protein methylation, in 
particular, the methylation of ribosomal subunits 
that regulates their stability and translational 
activity [124]. Unlike Sra1 where a functional 
protein has been identified, so far there has been 
no protein product found for Gas5. Originally 
linked to cellular response to stress conditions, 
Gas5 also plays prominent roles in the modula-
tion of SR activity. This has been particularly 
demonstrated for GR, but Gas5 also interacts 
with all members of the NR3C steroid receptor 
family [125, 126]. In this context, Gas5 second-
ary RNA structure mimics the HRE chromatin 
folding structure and acts as a decoy, forming a 
physical interaction with the DNA binding 
domain of GR and competing with target DNA 
for GR occupancy, and inhibits GR transactiva-
tion functions. Evidence has shown that Gas5 in 
cumulus cells is associated with pregnancy out-
comes [127] and other studies have indicated the 
presence of Gas5 in oocytes and granulosa cells 
[128], as well as an association with stem cell 
renewal and pluripotency [129]. Both lncRNA 
and other short ncRNA including miRNA have 
been shown to play various roles in ovarian func-
tions, such as oocyte development and ovulation 
[130].

3.5	� Conclusions

Nuclear receptors have long been linked to the 
physiology of female reproductive cycles and 
fertility success, indeed steroid receptor 
regulation of reproductive processes are among 
the earliest known hormone actions. These ste-
roid hormones and their receptors have unique as 
well as shared roles within the ovary, suggesting 
that there are interrelationships between nuclear 
receptors in regulating transcription networks 
that are important for various aspects of ovarian 
functions, specifically in guiding the progress of 
folliculogenesis, ovulation and luteinisation. 
Given that nuclear receptor action is highly 
dependent on tissue context, it is also likely that 
nuclear receptor ovarian functions are a result of 
a unique combination of transcription modula-
tors as well as specific interactions between each 
hormone receptor and their co-regulators or 
other transcription factors. Evidence is emerging 
from investigations into these ovarian interac-
tomes as well as non-protein cofactor partners 
that supports the formation of ovary-specific 
transcriptional complexes. The identification 
and characterisation of the complex regulatory 
network that governs various aspects of ovarian 
function is crucial in our understanding of female 
fertility. This is especially important in the 
development of infertility treatment as well as 
novel targets for female contraceptives.

References

	Bury L, Coelho PA, Glover DM (2016) In: DePamphilis 
ML (ed) Current topics in developmental biology, 
vol 120. Academic, pp 125–171

Rimon-Dahari N, Yerushalmi-Heinemann L, Alyagor L, 
Dekel N (2016) In: Piprek RP (ed) Molecular mech-
anisms of cell differentiation in gonad development. 
Springer, pp 167–190

Hirshfield AN (1991) In: Jeon KW, Friedlander M (eds) 
International review of cytology, vol 124. Academic, 
pp 43–101

Wood JR, Strauss JF (2002) Multiple signal transduc-
tion pathways regulate ovarian steroidogenesis. Rev 
Endocr Metab Disord 3:33–46

D. T. Dinh and D. L. Russell



53

Patel S, Zhou C, Rattan S, Flaws JA (2015) Effects 
of endocrine-disrupting chemicals on the 
ovary1. Biol Reprod 93. https://doi.org/10.1095/
biolreprod.115.130336

Russell DL, Robker RL (2019) In: Leung PCK, Adashi 
EY (eds) The ovary, 3rd edn. Academic, pp 217–234

Akison LK, Alvino ER, Dunning KR, Robker RL, Russell 
DL (2012) Transient invasive migration in mouse 
cumulus oocyte complexes induced at ovulation by 
luteinizing hormone1. Biol Reprod 86. https://doi.
org/10.1095/biolreprod.111.097345

Boonyaratanakornkit V, McGowan E, Sherman L, 
Mancini MA, Cheskis BJ, Edwards DP (2007) The 
role of extranuclear signaling actions of progester-
one receptor in mediating progesterone regulation of 
gene expression and the cell cycle. Mol Endocrinol 
21:359–375. https://doi.org/10.1210/me.2006-0337

Samarasinghe RA, Di Maio R, Volonte D, Galbiati 
F, Lewis M, Romero G, DeFranco DB (2011) 
Nongenomic glucocorticoid receptor action regu-
lates gap junction intercellular communication and 
neural progenitor cell proliferation. Proc Natl Acad 
Sci 108:16657–16662. https://doi.org/10.1073/
pnas.1102821108

Guzmán A, Hughes CHK, Murphy BD (2021) Orphan 
nuclear receptors in angiogenesis and follicular 
development. Reproduction 162:R35–R54. https://
doi.org/10.1530/rep-21-0118

Okada M, Lee L, Maekawa R, Sato S, Kajimura T, 
Shinagawa M, Tamura I, Taketani T, Asada H, 
Tamura H, Sugino N (2016) Epigenetic changes 
of the Cyp11a1 promoter region in granulosa cells 
undergoing luteinization during ovulation in female 
rats. Endocrinology 157:3344–3354. https://doi.
org/10.1210/en.2016-1264

Lydon JP, DeMayo FJ, Funk CR, Mani SK, Hughes AR, 
Montgomery CA Jr, Shyamala G, Conneely OM, 
O’Malley BW (1995) Mice lacking progesterone 
receptor exhibit pleiotropic reproductive abnormali-
ties. Genes Dev 9:2266–2278

Park CJ, Lin P-C, Zhou S, Barakat R, Bashir ST, Choi JM, 
Cacioppo JA, Oakley OR, Duffy DM, Lydon JP, Ko 
CJ (2020) Progesterone receptor serves the ovary as 
a trigger of ovulation and a terminator of inflamma-
tion. Cell Rep 31:107496. https://doi.org/10.1016/j.
celrep.2020.03.060

Dinh DT, Breen J, Akison LK, DeMayo FJ, Brown HM, 
Robker RL, Russell DL (2019) Tissue-specific pro-
gesterone receptor-chromatin binding and the regu-
lation of progesterone-dependent gene expression. 
Sci Rep 9:11966–11966. https://doi.org/10.1038/
s41598-019-48333-8

Gaytan F, Bellido C, Gaytan M, Morales C, Sanchez-
Criado JE (2003) Differential effects of RU486 and 
indomethacin on follicle rupture during the ovula-
tory process in the rat. Biol Reprod 69:99–105. 
https://doi.org/10.1095/biolreprod.102.013755

Loutradis D, Bletsa R, Aravantinos L, Kallianidis K, 
Michalas S, Psychoyos A (1991) Preovulatory 
effects of the progesterone antagonist mifepristone 

(RU486) in mice. Hum Reprod 6:1238–1240. https://
doi.org/10.1093/oxfordjournals.humrep.a137519

Gemzell-Danielsson K, Berger C, Lalitkumar PGL 
(2013) Emergency contraception  – mechanisms 
of action. Contraception 87:300–308. https://doi.
org/10.1016/j.contraception.2012.08.021

Bishop CV, Hennebold JD, Kahl CA, Stouffer RL (2016) 
Knockdown of progesterone receptor (PGR) in 
macaque granulosa cells disrupts ovulation and 
progesterone production. Biol Reprod 94:109. 
https://doi.org/10.1095/biolreprod.115.134981

Akison L, Robker R (2012) The critical roles of progester-
one receptor (PGR) in ovulation, oocyte developmen-
tal competence and oviductal transport in mammalian 
reproduction. Reprod Domest Anim 47:288–296. 
https://doi.org/10.1111/j.1439-0531.2012.02088.x

Mulac-Jericevic B, Mullinax RA, DeMayo FJ, Lydon 
JP, Conneely OM (2000) Subgroup of reproductive 
functions of progesterone mediated by progesterone 
receptor-B isoform. Science 289:1751–1754. https://
doi.org/10.1126/science.289.5485.1751

Mulac-Jericevic B, Lydon JP, DeMayo FJ, Conneely OM 
(2003) Defective mammary gland morphogenesis in 
mice lacking the progesterone receptor B isoform. 
Proc Natl Acad Sci 100:9744–9749. https://doi.
org/10.1073/pnas.1732707100

Dinh D, Breen J, Nicol B, Smith K, Nicholls M, Emery 
A, Wong Y, Barry S, Yao H, Robker R, Russell D 
(2021) Progesterone receptor-A isoform interac-
tion with RUNX transcription factors controls 
chromatin remodelling at promoters during ovula-
tion. bioRxiv 202120062017448908. https://doi.
org/10.1101/2021.06.17.448908

Robker RL, Richards JS (2000) Ovulation. Springer, 
pp 121–129

Shimada M, Yamashita Y, Ito J, Okazaki T, Kawahata K, 
Nishibori M (2004) Expression of two progesterone 
receptor isoforms in cumulus cells and their roles 
during meiotic resumption of porcine oocytes. J Mol 
Endocrinol 33:209–225. https://doi.org/10.1677/
jme.0.0330209

Robker RL, Richards JS (1998) Hormone-induced prolif-
eration and differentiation of granulosa cells: a coor-
dinated balance of the cell cycle regulators cyclin D2 
and p27Kip1. Mol Endocrinol 12:924–940. https://
doi.org/10.1210/mend.12.7.0138

Sar M, Welsch F (1999) Differential expression of estro-
gen receptor-β and estrogen receptor-α in the rat 
ovary. Endocrinology 140:963–971. https://doi.
org/10.1210/endo.140.2.6533

Duffy DM, Chaffin CL, Stouffer RL (2000) Expression 
of estrogen receptor α and β in the rhesus mon-
key corpus luteum during the menstrual cycle: 
regulation by luteinizing hormone and progester-
one*. Endocrinology 141:1711–1717. https://doi.
org/10.1210/endo.141.5.7477

Krege JH, Hodgin JB, Couse JF, Enmark E, Warner 
M, Mahler JF, Sar M, Korach KS, Gustafsson JA, 
Smithies O (1998) Generation and reproductive phe-
notypes of mice lacking estrogen receptor beta. Proc 

3  Nuclear Receptors in Ovarian Function

https://doi.org/10.1095/biolreprod.115.130336
https://doi.org/10.1095/biolreprod.115.130336
https://doi.org/10.1095/biolreprod.111.097345
https://doi.org/10.1095/biolreprod.111.097345
https://doi.org/10.1210/me.2006-0337
https://doi.org/10.1073/pnas.1102821108
https://doi.org/10.1073/pnas.1102821108
https://doi.org/10.1530/rep-21-0118
https://doi.org/10.1530/rep-21-0118
https://doi.org/10.1210/en.2016-1264
https://doi.org/10.1210/en.2016-1264
https://doi.org/10.1016/j.celrep.2020.03.060
https://doi.org/10.1016/j.celrep.2020.03.060
https://doi.org/10.1038/s41598-019-48333-8
https://doi.org/10.1038/s41598-019-48333-8
https://doi.org/10.1095/biolreprod.102.013755
https://doi.org/10.1093/oxfordjournals.humrep.a137519
https://doi.org/10.1093/oxfordjournals.humrep.a137519
https://doi.org/10.1016/j.contraception.2012.08.021
https://doi.org/10.1016/j.contraception.2012.08.021
https://doi.org/10.1095/biolreprod.115.134981
https://doi.org/10.1111/j.1439-0531.2012.02088.x
https://doi.org/10.1126/science.289.5485.1751
https://doi.org/10.1126/science.289.5485.1751
https://doi.org/10.1073/pnas.1732707100
https://doi.org/10.1073/pnas.1732707100
https://doi.org/10.1101/2021.06.17.448908
https://doi.org/10.1101/2021.06.17.448908
https://doi.org/10.1677/jme.0.0330209
https://doi.org/10.1677/jme.0.0330209
https://doi.org/10.1210/mend.12.7.0138
https://doi.org/10.1210/mend.12.7.0138
https://doi.org/10.1210/endo.140.2.6533
https://doi.org/10.1210/endo.140.2.6533
https://doi.org/10.1210/endo.141.5.7477
https://doi.org/10.1210/endo.141.5.7477


54

Natl Acad Sci U S A 95:15677–15682. https://doi.
org/10.1073/pnas.95.26.15677

Binder AK, Rodriguez KF, Hamilton KJ, Stockton PS, 
Reed CE, Korach KS (2013) The absence of ER-β 
results in altered gene expression in ovarian granu-
losa cells isolated from in  vivo preovulatory fol-
licles. Endocrinology 154:2174–2187. https://doi.
org/10.1210/en.2012-2256

Chakravarthi VP, Ratri A, Masumi S, Borosha S, Ghosh 
S, Christenson LK, Roby KF, Wolfe MW, Rumi 
MAK (2021) Granulosa cell genes that regulate 
ovarian follicle development beyond the antral 
stage: the role of estrogen receptor β. Mol Cell 
Endocrinol 528:111212. https://doi.org/10.1016/j.
mce.2021.111212

Rosenfeld CS, Murray AA, Simmer G, Hufford MG, Smith 
MF, Spears N, Lubahn DB (2000) Gonadotropin 
induction of ovulation and corpus luteum forma-
tion in young estrogen receptor-α knockout mice1. 
Biol Reprod 62:599–605. https://doi.org/10.1095/
biolreprod62.3.599

Sinkevicius KW, Burdette JE, Woloszyn K, Hewitt SC, 
Hamilton K, Sugg SL, Temple KA, Wondisford 
FE, Korach KS, Woodruff TK, Greene GL (2008) 
An estrogen receptor-α knock-in mutation pro-
vides evidence of ligand-independent signaling 
and allows modulation of ligand-induced pathways 
in vivo. Endocrinology 149:2970–2979. https://doi.
org/10.1210/en.2007-1526

Adlanmerini M, Solinhac R, Abot A, Fabre A, Raymond-
Letron I, Guihot A-L, Boudou F, Sautier L, Vessières 
E, Kim SH, Lière P, Fontaine C, Krust A, Chambon 
P, Katzenellenbogen JA, Gourdy P, Shaul PW, 
Henrion D, Arnal J-F, Lenfant F (2014) Mutation of 
the palmitoylation site of estrogen receptor α in vivo 
reveals tissue-specific roles for membrane versus 
nuclear actions. Proc Natl Acad Sci 111:E283–E290. 
https://doi.org/10.1073/pnas.1322057111

Lee S, Kang D-W, Hudgins-Spivey S, Krust A, Lee E-Y, 
Koo Y, Cheon Y, Gye MC, Chambon P, Ko C (2009) 
Theca-specific estrogen receptor-α knockout mice 
lose fertility prematurely. Endocrinology 150:3855–
3862. https://doi.org/10.1210/en.2008-1774

Diep CH, Ahrendt H, Lange CA (2016) Progesterone 
induces progesterone receptor gene (PGR) expres-
sion via rapid activation of protein kinase pathways 
required for cooperative estrogen receptor alpha 
(ER) and progesterone receptor (PR) genomic action 
at ER/PR target genes. Steroids 114:48–58. https://
doi.org/10.1016/j.steroids.2016.09.004

Sriraman V, Sharma SC, Richards JS (2003) 
Transactivation of the progesterone receptor gene in 
granulosa cells: evidence that Sp1/Sp3 binding sites 
in the proximal promoter play a key role in lutein-
izing hormone inducibility. Mol Endocrinol 17:436–
449. https://doi.org/10.1210/me.2002-0252

Rodriguez KF, Couse JF, Jayes FL, Hamilton KJ, Burns 
KA, Taniguchi F, Korach KS (2010) Insufficient 
luteinizing hormone-induced intracellular signaling 

disrupts ovulation in preovulatory follicles lacking 
estrogen receptor-β. Endocrinology 151:2826–2834

Denayer S, Helsen C, Thorrez L, Haelens A, Claessens F 
(2010) The rules of DNA recognition by the andro-
gen receptor. Mol Endocrinol 24:898–913. https://
doi.org/10.1210/me.2009-0310

Horie K, Takakura K, Fujiwara H, Suginami H, Liao S, 
Mori T (1992) Immunohistochemical localization 
of androgen receptor in the human ovary throughout 
the menstrual cycle in relation to oestrogen and pro-
gesterone receptor expression. Hum Reprod 7:184–
190. https://doi.org/10.1093/oxfordjournals.humrep.
a137614

Yazawa T, Kawabe S, Kanno M, Mizutani T, Imamichi 
Y, Ju Y, Matsumura T, Yamazaki Y, Usami Y, 
Kuribayashi M, Shimada M, Kitano T, Umezawa A, 
Miyamoto K (2013) Androgen/androgen receptor 
pathway regulates expression of the genes for cyclo-
oxygenase-2 and amphiregulin in periovulatory 
granulosa cells. Mol Cell Endocrinol 369:42–51. 
https://doi.org/10.1016/j.mce.2013.02.004

Laird M, Thomson K, Fenwick M, Mora J, Franks S, 
Hardy K (2017) Androgen stimulates growth of 
mouse preantral follicles in  vitro: interaction with 
follicle-stimulating hormone and with growth fac-
tors of the TGFβ superfamily. Endocrinology 
158:920–935. https://doi.org/10.1210/en.2016-1538

Tarumi W, Itoh MT, Suzuki N (2014) Effects of 
5α-dihydrotestosterone and 17β-estradiol on the 
mouse ovarian follicle development and oocyte 
maturation. PLoS One 9:e99423. https://doi.
org/10.1371/journal.pone.0099423

Liu T, Cui Y-Q, Zhao H, Liu H-B, Zhao S-D, Gao Y, Mu 
X-L, Gao F, Chen Z-J (2015) High levels of tes-
tosterone inhibit ovarian follicle development by 
repressing the FSH signaling pathway. J Huazhong 
Univ Sci Technolog Med Sci 35:723–729. https://
doi.org/10.1007/s11596-015-1497-z

Wang R-S, Chang H-Y, Kao S-H, Kao C-H, Wu Y-C, Yeh 
S, Tzeng C-R, Chang C (2015) Abnormal mitochon-
drial function and impaired granulosa cell differenti-
ation in androgen receptor knockout mice. Int J Mol 
Sci 16:9831–9849

Sen A, Hammes SR (2010) Granulosa cell-specific 
androgen receptors are critical regulators of ovarian 
development and function. Mol Endocrinol 24:1393–
1403. https://doi.org/10.1210/me.2010-0006

Walters KA, Middleton LJ, Joseph SR, Hazra R, Jimenez 
M, Simanainen U, Allan CM, Handelsman DJ 
(2012) Targeted loss of androgen receptor signaling 
in murine granulosa cells of preantral and antral fol-
licles causes female subfertility1. Biol Reprod 87. 
https://doi.org/10.1095/biolreprod.112.102012

Ma Y, Andrisse S, Chen Y, Childress S, Xue P, Wang Z, 
Jones D, Ko C, Divall S, Wu S (2016) Androgen 
receptor in the ovary theca cells plays a critical 
role in androgen-induced reproductive dysfunction. 
Endocrinology 158:98–108. https://doi.org/10.1210/
en.2016-1608

D. T. Dinh and D. L. Russell

https://doi.org/10.1073/pnas.95.26.15677
https://doi.org/10.1073/pnas.95.26.15677
https://doi.org/10.1210/en.2012-2256
https://doi.org/10.1210/en.2012-2256
https://doi.org/10.1016/j.mce.2021.111212
https://doi.org/10.1016/j.mce.2021.111212
https://doi.org/10.1095/biolreprod62.3.599
https://doi.org/10.1095/biolreprod62.3.599
https://doi.org/10.1210/en.2007-1526
https://doi.org/10.1210/en.2007-1526
https://doi.org/10.1073/pnas.1322057111
https://doi.org/10.1210/en.2008-1774
https://doi.org/10.1016/j.steroids.2016.09.004
https://doi.org/10.1016/j.steroids.2016.09.004
https://doi.org/10.1210/me.2002-0252
https://doi.org/10.1210/me.2009-0310
https://doi.org/10.1210/me.2009-0310
https://doi.org/10.1093/oxfordjournals.humrep.a137614
https://doi.org/10.1093/oxfordjournals.humrep.a137614
https://doi.org/10.1016/j.mce.2013.02.004
https://doi.org/10.1210/en.2016-1538
https://doi.org/10.1371/journal.pone.0099423
https://doi.org/10.1371/journal.pone.0099423
https://doi.org/10.1007/s11596-015-1497-z
https://doi.org/10.1007/s11596-015-1497-z
https://doi.org/10.1210/me.2010-0006
https://doi.org/10.1095/biolreprod.112.102012
https://doi.org/10.1210/en.2016-1608
https://doi.org/10.1210/en.2016-1608


55

Goodarzi MO, Dumesic DA, Chazenbalk G, Azziz 
R (2011) Polycystic ovary syndrome: etiol-
ogy, pathogenesis and diagnosis. Nat Rev 
Endocrinol 7:219–231. https://doi.org/10.1038/
nrendo.2010.217

Cox MJ, Edwards MC, Rodriguez Paris V, Aflatounian 
A, Ledger WL, Gilchrist RB, Padmanabhan V, 
Handelsman DJ, Walters KA (2020) Androgen 
action in adipose tissue and the brain are key media-
tors in the development of pcos traits in a mouse 
model. Endocrinology 161. https://doi.org/10.1210/
endocr/bqaa061

Walters KA, Rodriguez Paris V, Aflatounian A, 
Handelsman DJ (2019) Androgens and ovarian func-
tion: translation from basic discovery research to 
clinical impact. J Endocrinol 242:R23–R50. https://
doi.org/10.1530/joe-19-0096

Pontes JT, Maside C, Lima LF, Magalhães-Padilha DM, 
Padilha RT, Matos MHT, Figueiredo JR, Campello 
CC (2019) Immunolocalization for glucocorticoid 
receptor and effect of cortisol on in vitro develop-
ment of preantral follicles. Vet Anim Sci 7:100060. 
https://doi.org/10.1016/j.vas.2019.100060

Fru KN, VandeVoort CA, Chaffin CL (2006) 
Mineralocorticoid synthesis during the periovula-
tory interval in macaques1. Biol Reprod 75:568–
574. https://doi.org/10.1095/biolreprod.106.053470

Maradonna F, Gioacchini G, Notarstefano V, Fontana 
CM, Citton F, Dalla Valle L, Giorgini E, Carnevali 
O (2020) Knockout of the glucocorticoid receptor 
impairs reproduction in female zebrafish. Int J Mol 
Sci 21:9073

Mukangwa M, Takizawa K, Aoki Y, Hamano S, Tetsuka 
M (2019) Expression of genes encoding mineralo-
corticoid biosynthetic enzymes and the mineralocor-
ticoid receptor, and levels of mineralocorticoids in 
the bovine follicle and corpus luteum. J Reprod Dev 
advpub. https://doi.org/10.1262/jrd.2019-127

Komar CM, Braissant O, Wahli W, Curry TE Jr (2001) 
Expression and localization of PPARs in the rat 
ovary during follicular development and the peri-
ovulatory period. Endocrinology 142:4831–4838. 
https://doi.org/10.1210/endo.142.11.8429

Kim J, Sato M, Li Q, Lydon JP, DeMayo FJ, Bagchi 
IC, Bagchi MK (2008) Peroxisome proliferator-
activated receptor γ is a target of progesterone 
regulation in the preovulatory follicles and controls 
ovulation in mice. Mol Cell Biol 28:1770–1782. 
https://doi.org/10.1128/mcb.01556-07

Puttabyatappa M, VandeVoort CA, Chaffin CL (2010) 
hCG-induced down-regulation of PPARγ and liver X 
receptors promotes periovulatory progesterone syn-
thesis by macaque granulosa cells. Endocrinology 
151:5865–5872. https://doi.org/10.1210/
en.2010-0698

Azziz R, Ehrmann D, Legro RS, Whitcomb RW, Hanley 
R, Fereshetian AG, O’Keefe M, Ghazzi MN (2001) 
Troglitazone improves ovulation and hirsutism in the 
polycystic ovary syndrome: a multicenter, double 
blind, placebo-controlled trial1. J Clin Endocrinol 

Metab 86:1626–1632. https://doi.org/10.1210/
jcem.86.4.7375

Minge CE, Ryan NK, Hoek KHVD, Robker RL, Norman 
RJ (2006) Troglitazone regulates peroxisome 
proliferator-activated receptors and inducible nitric 
oxide synthase in murine ovarian macrophages1. 
Biol Reprod 74:153–160. https://doi.org/10.1095/
biolreprod.105.043729

Lee SS, Pineau T, Drago J, Lee EJ, Owens JW, Kroetz 
DL, Fernandez-Salguero PM, Westphal H, Gonzalez 
FJ (1995) Targeted disruption of the alpha isoform 
of the peroxisome proliferator-activated receptor 
gene in mice results in abolishment of the pleio-
tropic effects of peroxisome proliferators. Mol 
Cell Biol 15:3012–3022. https://doi.org/10.1128/
MCB.15.6.3012

Nadra K, Anghel SI, Joye E, Tan NS, Basu-Modak S, Trono 
D, Wahli W, Desvergne B (2006) Differentiation of 
trophoblast giant cells and their metabolic functions 
are dependent on peroxisome proliferator-activated 
receptor beta/delta. Mol Cell Biol 26:3266–3281. 
https://doi.org/10.1128/MCB.26.8.3266-3281.2006

Thill M, Becker S, Fischer D, Cordes T, Hornemann 
A, Diedrich K, Salehin D, Friedrich M (2009) 
Expression of prostaglandin metabolising enzymes 
COX-2 and 15-PGDH and VDR in human granulosa 
cells. Anticancer Res 29:3611–3618

Xu F, Wolf S, Green OR, Xu J (2021) Vitamin D 
in follicular development and oocyte matura-
tion. Reproduction 161:R129–R137. https://doi.
org/10.1530/rep-20-0608

Yoshizawa T, Handa Y, Uematsu Y, Takeda S, Sekine 
K, Yoshihara Y, Kawakami T, Arioka K, Sato H, 
Uchiyama Y, Masushige S, Fukamizu A, Matsumoto 
T, Kato S (1997) Mice lacking the vitamin D receptor 
exhibit impaired bone formation, uterine hypoplasia 
and growth retardation after weaning. Nat Genet 
16:391–396. https://doi.org/10.1038/ng0897-391

Mu Y, Cheng D, Yin T-L, Yang J (2021) Vitamin D and 
polycystic ovary syndrome: a narrative review. 
Reprod Sci 28:2110–2117. https://doi.org/10.1007/
s43032-020-00369-2

Miao CY, Fang XJ, Chen Y, Zhang Q (2020) Effect of 
vitamin D supplementation on polycystic ovary 
syndrome: a meta-analysis. Exp Ther Med 19:2641–
2649. https://doi.org/10.3892/etm.2020.8525

Fang F, Ni K, Cai Y, Shang J, Zhang X, Xiong C (2017) 
Effect of vitamin D supplementation on poly-
cystic ovary syndrome: a systematic review and 
meta-analysis of randomized controlled trials. 
Complement Ther Clin Pract 26:53–60. https://doi.
org/10.1016/j.ctcp.2016.11.008

Jamilian M, Foroozanfard F, Rahmani E, Talebi M, 
Bahmani F, Asemi Z (2017) Effect of two different 
doses of vitamin D supplementation on metabolic 
profiles of insulin-resistant patients with polycystic 
ovary syndrome. Nutrients 9:1280

Maktabi M, Chamani M, Asemi Z (2017) The effects of 
vitamin D supplementation on metabolic status of 
patients with polycystic ovary syndrome: a random-

3  Nuclear Receptors in Ovarian Function

https://doi.org/10.1038/nrendo.2010.217
https://doi.org/10.1038/nrendo.2010.217
https://doi.org/10.1210/endocr/bqaa061
https://doi.org/10.1210/endocr/bqaa061
https://doi.org/10.1530/joe-19-0096
https://doi.org/10.1530/joe-19-0096
https://doi.org/10.1016/j.vas.2019.100060
https://doi.org/10.1095/biolreprod.106.053470
https://doi.org/10.1262/jrd.2019-127
https://doi.org/10.1210/endo.142.11.8429
https://doi.org/10.1128/mcb.01556-07
https://doi.org/10.1210/en.2010-0698
https://doi.org/10.1210/en.2010-0698
https://doi.org/10.1210/jcem.86.4.7375
https://doi.org/10.1210/jcem.86.4.7375
https://doi.org/10.1095/biolreprod.105.043729
https://doi.org/10.1095/biolreprod.105.043729
https://doi.org/10.1128/MCB.15.6.3012
https://doi.org/10.1128/MCB.15.6.3012
https://doi.org/10.1128/MCB.26.8.3266-3281.2006
https://doi.org/10.1530/rep-20-0608
https://doi.org/10.1530/rep-20-0608
https://doi.org/10.1038/ng0897-391
https://doi.org/10.1007/s43032-020-00369-2
https://doi.org/10.1007/s43032-020-00369-2
https://doi.org/10.3892/etm.2020.8525
https://doi.org/10.1016/j.ctcp.2016.11.008
https://doi.org/10.1016/j.ctcp.2016.11.008


56

ized, double-blind, placebo-controlled trial. Horm 
Metab Res 49:493–498

Zhang SS, Carrillo AJ, Darling DS (1997) Expression of 
multiple thyroid hormone receptor mRNAs in human 
oocytes, cumulus cells, and granulosa cells. Mol 
Hum Reprod 3:555–562. https://doi.org/10.1093/
molehr/3.7.555

Saltó C, Kindblom JM, Johansson C, Wang Z, Gullberg 
H, Nordström K, Mansén A, Ohlsson C, Thorén 
P, Forrest D, Vennström BR (2001) Ablation of 
TRα2 and a concomitant overexpression of α1 
yields a mixed hypo- and hyperthyroid phenotype 
in mice. Mol Endocrinol 15:2115–2128. https://doi.
org/10.1210/mend.15.12.0750

Quignodon L, Vincent SV, Winter H, Samarut J, Flamant 
FDR (2007) A point mutation in the activation 
function 2 domain of thyroid hormone recep-
tor α1 expressed after CRE-mediated recombina-
tion partially recapitulates hypothyroidism. Mol 
Endocrinol 21:2350–2360. https://doi.org/10.1210/
me.2007-0176

Forrest D, Hanebuth E, Smeyne RJ, Everds N, Stewart CL, 
Wehner JM, Curran T (1996) Recessive resistance to 
thyroid hormone in mice lacking thyroid hormone 
receptor beta: evidence for tissue-specific modula-
tion of receptor function. EMBO J 15:3006–3015. 
https://doi.org/10.1002/j.1460-2075.1996.tb00664.x

Göthe S, Wang Z, Ng L, Kindblom JM, Barros AC, 
Ohlsson C, Vennström B, Forrest D (1999) Mice 
devoid of all known thyroid hormone receptors are 
viable but exhibit disorders of the pituitary–thy-
roid axis, growth, and bone maturation. Genes Dev 
13:1329–1341

López Navarro E, Ortega FJ, Francisco-Busquets E, 
Sabater-Masdeu M, Álvarez-Castaño E, Ricart W, 
Fernández-Real JM (2016) Thyroid hormone recep-
tors are differentially expressed in granulosa and 
cervical cells of infertile women. Thyroid 26:466–
473. https://doi.org/10.1089/thy.2015.0416

Atikuzzaman M, Koo OJ, Kang JT, Kwon DK, Park 
SJ, Kim SJ, Gomez MNL, Oh HJ, Hong SG, Jang 
G, Lee B-C (2011) The 9-cis retinoic acid signal-
ing pathway and its regulation of prostaglandin-
endoperoxide synthase 2 during in vitro maturation 
of pig cumulus cell-oocyte complexes and effects 
on parthenogenetic embryo production1. Biol 
Reprod 84:1272–1281. https://doi.org/10.1095/
biolreprod.110.086595

Kawai T, Richards JS, Shimada M (2018) The cell type–
specific expression of Lhcgr in mouse ovarian cells: 
evidence for a DNA-demethylation–dependent 
mechanism. Endocrinology 159:2062–2074. https://
doi.org/10.1210/en.2018-00117

Kawai T, Yanaka N, Richards JS, De Shimada M (2016) 
Novo-synthesized retinoic acid in ovarian antral fol-
licles enhances FSH-mediated ovarian follicular cell 
differentiation and female fertility. Endocrinology 
157:2160–2172. https://doi.org/10.1210/en.2015- 
2064

Minkina A, Lindeman RE, Gearhart MD, Chassot A-A, 
Chaboissier M-C, Ghyselinck NB, Bardwell VJ, 
Zarkower D (2017) Retinoic acid signaling is dis-
pensable for somatic development and function 
in the mammalian ovary. Dev Biol 424:208–220. 
https://doi.org/10.1016/j.ydbio.2017.02.015

Krezel W, Dupé V, Mark M, Dierich A, Kastner P, 
Chambon P (1996) RXR gamma null mice are 
apparently normal and compound RXR alpha +/−/
RXR beta −/−/RXR gamma −/− mutant mice are 
viable. Proc Natl Acad Sci U S A 93:9010–9014. 
https://doi.org/10.1073/pnas.93.17.9010

Fan W, Yanase T, Morinaga H, Mu Y-M, Nomura 
M, Okabe T, Goto K, Harada N, Nawata H 
(2005) Activation of peroxisome proliferator-
activated receptor-γ and retinoid X receptor 
inhibits aromatase transcription via nuclear 
factor-κB.  Endocrinology 146:85–92. https://doi.
org/10.1210/en.2004-1046

O’Malley BW, Tsai M-J (1992) Molecular pathways of 
steroid receptor action. Biol Reprod 46:163–167. 
https://doi.org/10.1095/biolreprod46.2.163

Zhang L, Martini GD, Rube HT, Kribelbauer JF, Rastogi 
C, FitzPatrick VD, Houtman JC, Bussemaker HJ, 
Pufall MA (2018) SelexGLM differentiates andro-
gen and glucocorticoid receptor DNA-binding pref-
erence over an extended binding site. Genome Res 
28:111–121. https://doi.org/10.1101/gr.222844.117

Schöne S, Jurk M, Helabad MB, Dror I, Lebars I, Kieffer 
B, Imhof P, Rohs R, Vingron M, Thomas-Chollier 
M, Meijsing SH (2016) Sequences flanking the core-
binding site modulate glucocorticoid receptor struc-
ture and activity. Nat Commun 7:12621. https://doi.
org/10.1038/ncomms12621

Johnson TA, Paakinaho V, Kim S, Hager GL, Presman DM 
(2021) Genome-wide binding potential and regula-
tory activity of the glucocorticoid receptor’s mono-
meric and dimeric forms. Nat Commun 12:1987. 
https://doi.org/10.1038/s41467-021-22234-9

Buser AC, Obr AE, Kabotyanski EB, Grimm SL, Rosen 
JM, Edwards DP (2011) Progesterone recep-
tor directly inhibits β-casein gene transcription in 
mammary epithelial cells through promoting pro-
moter and enhancer repressive chromatin modifi-
cations. Mol Endocrinol 25:955–968. https://doi.
org/10.1210/me.2011-0064

Massie CE, Adryan B, Barbosa-Morais NL, Lynch AG, 
Tran MG, Neal DE, Mills IG (2007) New androgen 
receptor genomic targets show an interaction with 
the ETS1 transcription factor. EMBO Rep 8:871–
878. https://doi.org/10.1038/sj.embor.7401046

Doyle KMH, Russell DL, Sriraman V, Richards JS (2004) 
Coordinate transcription of the ADAMTS-1 gene by 
luteinizing hormone and progesterone receptor. Mol 
Endocrinol 18:2463–2478. https://doi.org/10.1210/
me.2003-0380

Starick SR, Ibn-Salem J, Jurk M, Hernandez C, Love 
MI, Chung H-R, Vingron M, Thomas-Chollier M, 
Meijsing SH (2015) ChIP-exo signal associated 

D. T. Dinh and D. L. Russell

https://doi.org/10.1093/molehr/3.7.555
https://doi.org/10.1093/molehr/3.7.555
https://doi.org/10.1210/mend.15.12.0750
https://doi.org/10.1210/mend.15.12.0750
https://doi.org/10.1210/me.2007-0176
https://doi.org/10.1210/me.2007-0176
https://doi.org/10.1002/j.1460-2075.1996.tb00664.x
https://doi.org/10.1089/thy.2015.0416
https://doi.org/10.1095/biolreprod.110.086595
https://doi.org/10.1095/biolreprod.110.086595
https://doi.org/10.1210/en.2018-00117
https://doi.org/10.1210/en.2018-00117
https://doi.org/10.1210/en.2015-2064
https://doi.org/10.1210/en.2015-2064
https://doi.org/10.1016/j.ydbio.2017.02.015
https://doi.org/10.1073/pnas.93.17.9010
https://doi.org/10.1210/en.2004-1046
https://doi.org/10.1210/en.2004-1046
https://doi.org/10.1095/biolreprod46.2.163
https://doi.org/10.1101/gr.222844.117
https://doi.org/10.1038/ncomms12621
https://doi.org/10.1038/ncomms12621
https://doi.org/10.1038/s41467-021-22234-9
https://doi.org/10.1210/me.2011-0064
https://doi.org/10.1210/me.2011-0064
https://doi.org/10.1038/sj.embor.7401046
https://doi.org/10.1210/me.2003-0380
https://doi.org/10.1210/me.2003-0380


57

with DNA-binding motifs provides insight into the 
genomic binding of the glucocorticoid receptor 
and cooperating transcription factors. Genome Res 
25:825–835. https://doi.org/10.1101/gr.185157.114

Yin P, Roqueiro D, Huang L, Owen JK, Xie A, Navarro 
A, Monsivais D, Coon VJS, Kim JJ, Dai Y, Bulun 
SE (2012) Genome-wide progesterone receptor 
binding: cell type-specific and shared mechanisms 
in T47D breast cancer cells and primary leiomyoma 
cells. PLoS One 7:e29021. https://doi.org/10.1371/
journal.pone.0029021

Mao A-P, Ishizuka IE, Kasal DN, Mandal M, Bendelac 
A (2017) A shared Runx1-bound Zbtb16 enhancer 
directs innate and innate-like lymphoid lineage 
development. Nat Commun 8:863. https://doi.
org/10.1038/s41467-017-00882-0

Hickey TE, Selth LA, Chia KM, Laven-Law G, Milioli 
HH, Roden D, Jindal S, Hui M, Finlay-Schultz 
J, Ebrahimie E, Birrell SN, Stelloo S, Iggo R, 
Alexandrou S, Caldon CE, Abdel-Fatah TM, Ellis 
IO, Zwart W, Palmieri C, Sartorius CA, Swarbrick A, 
Lim E, Carroll JS, Tilley WD (2021) The androgen 
receptor is a tumor suppressor in estrogen receptor-
positive breast cancer. Nat Med 27:310–320. https://
doi.org/10.1038/s41591-020-01168-7

Ogara MF, Rodríguez-Seguí SA, Marini M, Nacht AS, 
Stortz M, Levi V, Presman DM, Vicent GP, Pecci A 
(2019) The glucocorticoid receptor interferes with 
progesterone receptor-dependent genomic regulation 
in breast cancer cells. Nucleic Acids Res 47:10645–
10661. https://doi.org/10.1093/nar/gkz857

Pihlajamaa P, Sahu B, Lyly L, Aittomäki V, Hautaniemi 
S, Jänne OA (2014) Tissue-specific pioneer factors 
associate with androgen receptor cistromes and tran-
scription programs. EMBO J 33:312–326. https://
doi.org/10.1002/embj.201385895

Georges A, L’Hôte D, Todeschini AL, Auguste A, Legois 
B, Zider A, Veitia RA (2014) The transcription factor 
FOXL2 mobilizes estrogen signaling to maintain the 
identity of ovarian granulosa cells. elife 3:e04207. 
https://doi.org/10.7554/eLife.04207

Herman L, Legois B, Todeschini A-L, Veitia RA (2021) 
Genomic exploration of the targets of FOXL2 and 
ESR2 unveils their implication in cell migration, 
invasion, and adhesion. FASEB J 35:e21355. https://
doi.org/10.1096/fj.202002444R

Li Z, Tuteja G, Schug J, Kaestner KH (2012) Foxa1 and 
Foxa2 are essential for sexual dimorphism in liver 
cancer. Cell 148:72–83. https://doi.org/10.1016/j.
cell.2011.11.026

Tung L, Shen T, Abel MG, Powell RL, Takimoto GS, 
Sartorius CA, Horwitz KB (2001) Mapping the 
unique activation function 3  in the progesterone 
B-receptor upstream segment: two LXXLL motifs 
and A tryptophan residue are required for activ-
ity. J Biol Chem 276:39843–39851. https://doi.
org/10.1074/jbc.M106843200

Singhal H, Greene ME, Zarnke AL, Laine M, Al Abosy 
R, Chang Y-F, Dembo AG, Schoenfelt K, Vadhi R, 
Qiu X, Rao P, Santhamma B, Nair HB, Nickisch KJ, 

Long HW, Becker L, Brown M, Greene GL (2017) 
Progesterone receptor isoforms, agonists and antag-
onists differentially reprogram estrogen signaling. 
Oncotarget 9:4282–4300. https://doi.org/10.18632/
oncotarget.21378

Vegeto E, Shahbaz MM, Wen DX, Goldman ME, 
O’Malley BW, McDonnell DP (1993) Human pro-
gesterone receptor A form is a cell- and promoter-
specific repressor of human progesterone receptor B 
function. Mol Endocrinol 7:1244–1255. https://doi.
org/10.1210/mend.7.10.8264658

Merlino AA, Welsh TN, Tan H, Yi LJ, Cannon V, Mercer 
BM, Mesiano S (2007) Nuclear progesterone 
receptors in the human pregnancy myometrium: 
evidence that parturition involves functional pro-
gesterone withdrawal mediated by increased expres-
sion of progesterone receptor-A. J Clin Endocrinol 
Metab 92:1927–1933. https://doi.org/10.1210/
jc.2007-0077

Nadeem L, Shynlova O, Matysiak-Zablocki E, Mesiano 
S, Dong X, Lye S (2016) Molecular evidence of 
functional progesterone withdrawal in human 
myometrium. Nat Commun 7:11565. https://doi.
org/10.1038/ncomms11565

Wilson CM, McPhaul MJ (1996) A and B forms of the 
androgen receptor are expressed in a variety of human 
tissues. Mol Cell Endocrinol 120:51–57. https://doi.
org/10.1016/0303-7207(96)03819-1

Liegibel UM, Sommer U, Boercsoek I, Hilscher U, 
Bierhaus A, Schweikert HU, Nawroth P, Kasperk 
C (2003) Androgen receptor isoforms AR-A and 
AR-B display functional differences in cultured 
human bone cells and genital skin fibroblasts. 
Steroids 68:1179–1187. https://doi.org/10.1016/j.
steroids.2003.08.016

Pascual-Le Tallec L, Demange C, Lombès M (2004) 
Human mineralocorticoid receptor A and B pro-
tein forms produced by alternative translation sites 
display different transcriptional activities. Eur J 
Endocrinol 150:585–590. https://doi.org/10.1530/
eje.0.1500585

Kino T, Su YA, Chrousos GP (2009) Human glucocorti-
coid receptor isoform β: recent understanding of its 
potential implications in physiology and pathophysi-
ology. Cell Mol Life Sci 66:3435–3448. https://doi.
org/10.1007/s00018-009-0098-z

York B, O’Malley BW (2010) Steroid receptor coactiva-
tor (SRC) family: masters of systems biology. J Biol 
Chem 285:38743–38750. https://doi.org/10.1074/
jbc.R110.193367

Kollara A, Brown TJ (2012) Expression and function of 
nuclear receptor co-activator 4: evidence of a poten-
tial role independent of co-activator activity. Cell 
Mol Life Sci 69:3895–3909. https://doi.org/10.1007/
s00018-012-1000-y

Spencer TE, Jenster G, Burcin MM, Allis CD, Zhou 
J, Mizzen CA, McKenna NJ, Onate SA, Tsai SY, 
Tsai M-J, O’Malley BW (1997) Steroid receptor 
coactivator-1 is a histone acetyltransferase. Nature 
389:194–198. https://doi.org/10.1038/38304

3  Nuclear Receptors in Ovarian Function

https://doi.org/10.1101/gr.185157.114
https://doi.org/10.1371/journal.pone.0029021
https://doi.org/10.1371/journal.pone.0029021
https://doi.org/10.1038/s41467-017-00882-0
https://doi.org/10.1038/s41467-017-00882-0
https://doi.org/10.1038/s41591-020-01168-7
https://doi.org/10.1038/s41591-020-01168-7
https://doi.org/10.1093/nar/gkz857
https://doi.org/10.1002/embj.201385895
https://doi.org/10.1002/embj.201385895
https://doi.org/10.7554/eLife.04207
https://doi.org/10.1096/fj.202002444R
https://doi.org/10.1096/fj.202002444R
https://doi.org/10.1016/j.cell.2011.11.026
https://doi.org/10.1016/j.cell.2011.11.026
https://doi.org/10.1074/jbc.M106843200
https://doi.org/10.1074/jbc.M106843200
https://doi.org/10.18632/oncotarget.21378
https://doi.org/10.18632/oncotarget.21378
https://doi.org/10.1210/mend.7.10.8264658
https://doi.org/10.1210/mend.7.10.8264658
https://doi.org/10.1210/jc.2007-0077
https://doi.org/10.1210/jc.2007-0077
https://doi.org/10.1038/ncomms11565
https://doi.org/10.1038/ncomms11565
https://doi.org/10.1016/0303-7207(96)03819-1
https://doi.org/10.1016/0303-7207(96)03819-1
https://doi.org/10.1016/j.steroids.2003.08.016
https://doi.org/10.1016/j.steroids.2003.08.016
https://doi.org/10.1530/eje.0.1500585
https://doi.org/10.1530/eje.0.1500585
https://doi.org/10.1007/s00018-009-0098-z
https://doi.org/10.1007/s00018-009-0098-z
https://doi.org/10.1074/jbc.R110.193367
https://doi.org/10.1074/jbc.R110.193367
https://doi.org/10.1007/s00018-012-1000-y
https://doi.org/10.1007/s00018-012-1000-y
https://doi.org/10.1038/38304


58

Li X, Wong J, Tsai SY, Tsai M-J, O’Malley BW (2003) 
Progesterone and glucocorticoid receptors recruit 
distinct coactivator complexes and promote dis-
tinct patterns of local chromatin modification. Mol 
Cell Biol 23:3763–3773. https://doi.org/10.1128/
mcb.23.11.3763-3773.2003

Yi P, Wang Z, Feng Q, Chou CK, Pintilie GD, Shen H, 
Foulds CE, Fan G, Serysheva I, Ludtke SJ, Schmid 
MF, Hung MC, Chiu W, O’Malley BW (2017) 
Structural and functional impacts of ER coactivator 
sequential recruitment. Mol Cell 67:733–743 e734. 
https://doi.org/10.1016/j.molcel.2017.07.026

Hussein-Fikret S, Fuller PJ (2005) Expression of nuclear 
receptor coregulators in ovarian stromal and epithe-
lial tumours. Mol Cell Endocrinol 229:149–160. 
https://doi.org/10.1016/j.mce.2004.08.005

Lanz RB, Razani B, Goldberg AD, O’Malley BW (2002) 
Distinct RNA motifs are important for coactivation 
of steroid hormone receptors by steroid receptor 
RNA activator (SRA). Proc Natl Acad Sci 99:16081–
16086. https://doi.org/10.1073/pnas.192571399

Agoulnik IU, Weigel NL (2009) Coactivator selec-
tive regulation of androgen receptor activity. 
Steroids 74:669–674. https://doi.org/10.1016/j.
steroids.2009.02.007

Cooper C, Vincett D, Yan Y, Hamedani MK, Myal Y, 
Leygue E (2011) Steroid receptor RNA activa-
tor bi-faceted genetic system: heads or tails? 
Biochimie 93:1973–1980. https://doi.org/10.1016/j.
biochi.2011.07.002

Liu C, Wu H-T, Zhu N, Shi Y-N, Liu Z, Ao B-X, Liao 
D-F, Zheng X-L, Qin L (2016) Steroid receptor RNA 
activator: biologic function and role in disease. Clin 
Chim Acta 459:137–146. https://doi.org/10.1016/j.
cca.2016.06.004

McKay DB, Xi L, Barthel KKB, Cech TR (2014) Structure 
and function of steroid receptor RNA activator pro-
tein, the proposed partner of SRA noncoding RNA. J 
Mol Biol 426:1766–1785. https://doi.org/10.1016/j.
jmb.2014.01.006

Yan Y, Cooper C, Hamedani MK, Guppy B, Xu W, 
Tsuyuki D, Zhang C, Nugent Z, Blanchard A, 
Davie JR, McManus K, Murphy LC, Myal Y, 
Leygue E (2015) The steroid receptor RNA activa-
tor protein (SRAP) controls cancer cell migration/
motility. FEBS Lett 589:4010–4018. https://doi.
org/10.1016/j.febslet.2015.11.007

Lanz RB, Chua SS, Barron N, Söder BM, DeMayo F, 
O’Malley BW (2003) Steroid receptor RNA acti-
vator stimulates proliferation as well as apoptosis 
in vivo. Mol Cell Biol 23:7163–7176

Lin K, Zhan H, Ma J, Xu K, Wu R, Zhou C, Lin J (2017) 
Silencing of SRA1 regulates ER expression and 
attenuates the growth of stromal cells in ovarian 

endometriosis. Reprod Sci 24:836–843. https://doi.
org/10.1177/1933719116670036

Li Y, Zhao W, Wang H, Chen C, Zhou D, Li S, Zhang 
X, Zhao H, Zhou D, Chen B (2019) Silencing 
of LncRNA steroid receptor RNA activator 
attenuates polycystic ovary syndrome in mice. 
Biochimie 157:48–56. https://doi.org/10.1016/j.
biochi.2018.10.021

Eoh KJ, Paek J, Kim SW, Kim HJ, Lee HY, Lee SK, Kim 
YT (2017) Long non-coding RNA, steroid receptor 
RNA activator (SRA), induces tumor proliferation 
and invasion through the NOTCH pathway in cer-
vical cancer cell lines. Oncol Rep 38:3481–3488. 
https://doi.org/10.3892/or.2017.6023

Pickard MR, Williams GT (2015) Molecular and cellular 
mechanisms of action of tumour suppressor GAS5 
LncRNA. Gene 6:484–499

Smith CM, Steitz JA (1998) Classification of gas5 as a 
multi-small-nucleolar-RNA (snoRNA) host gene 
and a member of the 5′-terminal oligopyrimidine 
gene family reveals common features of snoRNA 
host genes. Mol Cell Biol 18:6897–6909

Hudson WH, Pickard MR, de Vera IM, Kuiper EG, 
Mourtada-Maarabouni M, Conn GL, Kojetin 
DJ, Williams GT, Ortlund EA (2014) Conserved 
sequence-specific lincRNA-steroid receptor interac-
tions drive transcriptional repression and direct cell 
fate. Nat Commun 5:5395. https://doi.org/10.1038/
ncomms6395

Kino T, Hurt DE, Ichijo T, Nader N, Chrousos GP (2010) 
Noncoding RNA gas5 is a growth arrest- and 
starvation-associated repressor of the glucocorticoid 
receptor. Sci Signal 3:2000568

Gebhardt KM, Feil DK, Dunning KR, Lane M, Russell 
DL (2011) Human cumulus cell gene expression 
as a biomarker of pregnancy outcome after single 
embryo transfer. Fertil Steril 96:47–52.e42. https://
doi.org/10.1016/j.fertnstert.2011.04.033

Cheng Y, Kim J, Li XX, Hsueh AJ (2015) Promotion of 
ovarian follicle growth following mTOR activa-
tion: synergistic effects of AKT stimulators. PLoS 
One 10:e0117769. https://doi.org/10.1371/journal.
pone.0117769

Tu J, Tian G, Cheung H-H, Wei W, Lee T-L (2018) 
Gas5 is an essential lncRNA regulator for self-
renewal and pluripotency of mouse embryonic 
stem cells and induced pluripotent stem cells. Stem 
Cell Res Ther 9:71–71. https://doi.org/10.1186/
s13287-018-0813-5

Robles V, Valcarce DG, Riesco MF (2019) Non-
coding RNA regulation in reproduction: their 
potential use as biomarkers. Non-coding 
RNA Res 4:54–62. https://doi.org/10.1016/j.
ncrna.2019.04.001

D. T. Dinh and D. L. Russell

https://doi.org/10.1128/mcb.23.11.3763-3773.2003
https://doi.org/10.1128/mcb.23.11.3763-3773.2003
https://doi.org/10.1016/j.molcel.2017.07.026
https://doi.org/10.1016/j.mce.2004.08.005
https://doi.org/10.1073/pnas.192571399
https://doi.org/10.1016/j.steroids.2009.02.007
https://doi.org/10.1016/j.steroids.2009.02.007
https://doi.org/10.1016/j.biochi.2011.07.002
https://doi.org/10.1016/j.biochi.2011.07.002
https://doi.org/10.1016/j.cca.2016.06.004
https://doi.org/10.1016/j.cca.2016.06.004
https://doi.org/10.1016/j.jmb.2014.01.006
https://doi.org/10.1016/j.jmb.2014.01.006
https://doi.org/10.1016/j.febslet.2015.11.007
https://doi.org/10.1016/j.febslet.2015.11.007
https://doi.org/10.1177/1933719116670036
https://doi.org/10.1177/1933719116670036
https://doi.org/10.1016/j.biochi.2018.10.021
https://doi.org/10.1016/j.biochi.2018.10.021
https://doi.org/10.3892/or.2017.6023
https://doi.org/10.1038/ncomms6395
https://doi.org/10.1038/ncomms6395
https://doi.org/10.1016/j.fertnstert.2011.04.033
https://doi.org/10.1016/j.fertnstert.2011.04.033
https://doi.org/10.1371/journal.pone.0117769
https://doi.org/10.1371/journal.pone.0117769
https://doi.org/10.1186/s13287-018-0813-5
https://doi.org/10.1186/s13287-018-0813-5
https://doi.org/10.1016/j.ncrna.2019.04.001
https://doi.org/10.1016/j.ncrna.2019.04.001

	3: Nuclear Receptors in Ovarian Function
	3.1	 Introduction
	3.2	 Hormonal Control of Dynamic Physiological Change in the Ovary
	3.3	 Physiological Effects of Nuclear Hormone Receptors on Ovarian Functions
	3.4	 Signalling Mechanism of Nuclear Receptors in the Ovary
	3.5	 Conclusions
	References




