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Introduction

Nuclear Receptors: The Past, the Present and the Future

Nuclear Receptors (NRs) are involved in a multitude of biological pathways
and numerous disorders and diseases; it would be difficult to find another
family of proteins in the human genome that has such a broad and critical role
in both healthy and diseased contexts. Further, they constitute the archetypal
proteins for studying some of the most fundamental processes of gene regula-
tion and genomic organization. The first NR was cloned in the 1980s, and we
now know that this family is comprised of 48 distinct proteins that share com-
mon structural properties. They play essential roles in the development of
organs, as evidenced by phenotypic consequences following gene deletion.
They are also frequently co-opted or altered in disease states, including can-
cer and metabolic disorders. One of the special features of the NR superfam-
ily is the fact that they constitute the only class of readily druggable
transcription factors. This makes them critical downstream effectors of
numerous biological and cellular processes and also the targets of many treat-
ments and therapies. Their vital role in both healthy and pathological contexts
likely results from a relatively unique feature of this class of transcription
factors: their ligand activated switchable states.

NRs share common molecular features, including the ability to interact
with DNA directly, making them potent mediators of gene activation or gene
repression. Another unusual feature of NRs is their ability to be activated,
either by ligand interaction with the ligand binding domain, or via specific
co-factor associations that can also modulate activity. This feature makes
them activatable, meaning that their activity can be switched on or off by the
presence or absence of a specific ligand or specific co-factors. This combina-
tion of ligand/co-factor modulation and direct DNA transcriptional activity
provides NRs with a highly unusual, but powerful combination of features
that makes them ideal proteins for context-dependent, regulatable activity,
since they can be switched on by their cognate ligand when needed (i.e. dur-
ing development processes) and switched off when their job is done (i.e.
when the organ is fully developed). Their ligand-inducible transcriptional
activity also makes them ideal proteins for recurring biological changes that
need to occur in a time-specific, rapidly-responsive manner, as exemplified
by the rapid and substantial changes that occur in relevant organs during the
menstrual cycle and pregnancy.
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Introduction

Our understanding of NR function has been largely motivated by their role
in specific diseases and disorders. Examples include the key role for Estrogen
Receptor alpha (ERa) and Androgen Receptor (AR) in breast and prostate
cancer, respectively, or the crucial role of Peroxisome Proliferator Activated
Receptors (PPARs) and LXRs in diabetes and other metabolic diseases. New
mechanistic insight into how these specific NRs function in these specific
contexts have formed the basis for understanding all transcription factors and
gene regulatory processes. Fundamental concepts around transcription factor
biology, protein complex organization, signalling pathways and gene regula-
tion have been discovered by using NRs as the model system and as such, the
impact from studying NRs on our basic understanding of genome regulation
and fundamental cellular processes cannot be overstated.

Given their substantial roles in some of the most common and deadly dis-
eases and disorders and their critical role in the development of major organs
and physiological processes, it is surprising that so many questions about
NRs remain unanswered or are not fully understood. As an example, we
know that ligands for one NR can commonly activate related but distinct NRs
and that different NRs can vie for similar docking regions on the genome, but
this level of cross-activity is poorly characterized. Some of the first co-factors
discovered (co-factors being proteins that can influence gene regulation by
indirect association with the chromatin) were identified from screens that
sought to identify NR-associated proteins and our repertoire of NR-associated
co-factors has increased enormously over the years, yet our understanding of
the full complement of co-factors, the dynamics between co-factors and their
mechanistic roles are not fully defined.

An interesting paradigm in NR-biology is the well-established observation
that many NRs have known endogenous ligands, but many other family mem-
bers lack endogenous ligands or, if endogenous ligands exist, they haven’t
been discovered yet. These so-called Orphan NRs represent a large class of
transcription factors, some of which have been implicated in critical biologi-
cal processes, although other Orphan NRs are yet to be associated with a
function or a biological context. When endogenous NR ligands are known
and pharmacological ligands have subsequently been created to alter the
structure-function of that NR, they have the potential to change medicine.
Some of the most commonly prescribed drugs in the Western world are phar-
macological agents that target NRs and they have had profound clinical
impact (e.g. as anti-inflammatory agents, cancer treatments or regulators of
pregnancy) attesting to the success of understanding and exploiting NR biol-
ogy. However, the fundamental process of how these drugs work and how
they elicit the NR-mediated downstream events are sometimes not fully
understood, again highlighting how much we know about NRs and how much
we still need to learn.

This book explores the role of NRs in biology, with a focus on these highly
unusual, functionally distinct, yet fascinating proteins in human health and
disease. The breadth of the topics in this book highlights the diverse and com-
plex nature of NR function, as well as the many contexts wherein they have
been implicated. Their roles in fundamental developmental processes are dis-
cussed, as are the roles in metabolic systems. Recent advances in our
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understanding of NR biology in diseases (particularly cancer) are explored
and both established and novel therapeutic opportunities in targeting NRs are
presented. This book provides a thorough and contemporary discussion of
this field and highlights the many physiological and clinical roles for NRs, as
described by leaders in the field. The findings and insight will be of relevance
to both experts and those with a general interest in this fascinating class of
transcriptional regulators.

Cancer Research UK Cambridge Research Institute Jason S. Carroll
Cambridge, UK



Overview

This book, entitled, Nuclear Receptors in Human Health and Disease, is
designed as an update to an earlier book entitled Nuclear Receptors, Current
Concepts and Future Challenges, which was published in 2010. As before,
the chapters are written by leaders in the field, and are broadly intended to
serve as an introduction to the field, to discuss the state-of-the-art, and also to
speculate where the field is going to meet the challenges on the horizon.

The first nuclear receptor was cloned over two decades before the first edi-
tion in 2010 and provided a rich paradigm for that book. Surprisingly, per-
haps, progress from 2010 to the time of writing has in many ways been
equally remarkable. This is most evident in the chapter titles and their sec-
tional organization. In the 2010 book, the chapters were largely written
around a single nuclear receptor, whereas in the current book chapters are
very much more focused on roles of multiple nuclear receptors in shared
phenotypes, such as metabolism or reproduction, or how multiple receptors
interplay in a single biological function such as in circadian rhythm.

What is also clear is how much general biological insight has been estab-
lished and underpinned by nuclear receptor research, especially in the fields
of epigenetics, genome organization, and transcriptional regulation. Similarly,
it is also clear how biological concepts revealed elsewhere are rapidly trans-
lated into the nuclear receptor field to profound effect. For example, emerg-
ing concepts of the 3D genome, phase separation, and the impact of spatially
divergent enhancers are already significantly shaping how nuclear receptor
function is understood.

Finally, what is also clear is the explosion of different experimental and
analytical approaches being applied to capture nuclear receptor function. A
striking illustration of this is that the phrase “ChIP-Seq” did not appear in the
2010 book but is now ubiquitous across chapters. This nuclear receptor field
is an early adopter of technologies: variations of next-generation sequencing
approaches have been applied to define the nuclear receptor cistrome, epig-
enome and chromatin accessibility, transcriptome, metabolome, and now,
with approaches such as RIME, the proteome. Inevitably, this has required
the development and application of integrative analytical approaches to ana-
lyze, interpret, and visualize these high-dimensional data sets.

Perhaps chastened by this amazing progress since 2010, the editors quietly
dropped the “Future Challenges” from the title of this book.



PartI Reproduction and Development

1 Nuclear Receptors in Pregnancy and Outcomes: Clinical
Perspective. . ... ... .. . ... ..
Luiza Borges Manna and Catherine Williamson

2 Female Reproductive Systems: Hormone Dependence
and Receptor Expression . .. .............................
Kevin K. W. Kuan and Philippa T. K. Saunders

3 Nuclear Receptors in Ovarian Function. . ..................
Doan Thao Dinh and Darryl Lyndon Russell
PartII Metabolism
4 Nuclear Receptors in Energy Metabolism ..................
Alina A. Walth-Hummel, Stephan Herzig, and Maria Rohm
5 Nuclear Receptors and Lipid Sensing. . . ...................
James L. Thorne and Giorgia Cioccoloni

Part IIl Central Systems

6 Corticosteroid Receptors in Cardiac Health and Disease. . . . ..
Jessica R. Ivy, Gillian A. Gray, Megan C. Holmes, Martin A.
Denvir, and Karen E. Chapman

7 Physiological Convergence and Antagonism Between GR
and PPARY in Inflammation and Metabolism. ..............
Marija Dacic, Gayathri Shibu, and Inez Rogatsky

8 Circadian Rhythm and Nuclear Receptors .................
David W. Ray

9 VitaminDand GutHealth...............................
James C. Fleet

Xi



Xii
Part IV Cancer

10 Estrogen Receptor Alpha and ESR1 Mutations
inBreastCancer ... ........... .. .. .. .. .. . .. .. .
Jaymin M. Patel and Rinath M. Jeselsohn

11 AR Structural Variants and Prostate Cancer. ...............
Laura Cato and Maysoun Shomali

12 ERP and Inflammation. . . ............ ... .. ... ... ......
Linnea Hases, Amena Archer, and Cecilia Williams

13 Genomic Insights into Non-steroidal Nuclear Receptors
in Prostate and Breast Cancer. . ..........................
Sajad A. Wani and Moray J. Campbell

PartV New Developments in Transcriptional Control
by Nuclear Receptors

14 Protein Condensation in the Nuclear Receptor Family;
Implications for Transcriptional Output ...................
Monique D. Appelman, Elle E. Hollaar, Jurian Schuijers,
and Saskia W. C. van Mil

15 Prostate Cancer Epigenetic Plasticity and Enhancer
Heterogeneity: Molecular Causes, Consequences
and Clinical Implications . . ..............................
Jeroen Kneppers, Andries M. Bergman, and Wilbert Zwart

16 Epigenetic Coregulation of Androgen Receptor Signaling . . . ..
Rayzel C. Fernandes, Damien A. Leach,
and Charlotte L. Bevan

Part VI Clinical Translation

17 Clinical Translation: Targeting the Estrogen Receptor. . . .. ...
Ciara Metcalfe and Jennifer O. Lauchle

18 Drugging the Undruggable: Targeting the N-Terminal
Domain of Nuclear Hormone Receptors. ...................
Marianne D. Sadar

19 Genetic Variation and Mendelian Randomization
Approaches . .......... .. ...
Mojgan Yazdanpanah, Nahid Yazdanpanah,
and Despoina Manousaki

Contents



Part |

Reproduction and Development



®

Check for
updates

Nuclear Receptors in Pregnancy
and Outcomes: Clinical

Perspective

Luiza Borges Manna and Catherine Williamson

Abstract

Pregnancy is characterised by profound
hormonal and metabolic changes in the
mother. Both oestrogen and progesterone,
along with their respective nuclear recep-
tors, have an important role in maintaining
a healthy pregnancy. Equally, other nuclear
receptors such as LXR, FXR and the
PPARs play important roles in the gradual
alterations in metabolism that ensure sur-
vival of mother and fetus. Disruptions in
nuclear receptor signalling can result in
pregnancy disorders such as gestational
diabetes mellitus, intrahepatic cholestasis
of pregnancy, hypertensive disorders of
pregnancy and preterm labour, all of which
have both immediate and long-term impli-
cations for maternal and fetal health. By
reviewing data from human studies and
animal models, this chapter will describe
the contribution of nuclear receptors to
normal pregnancy, their role in gestational
disorders and their potential as therapeutic
targets.

L. Borges Manna - C. Williamson (P<))

Department of Women and Children’s Health, King’s
College London, London, UK

e-mail: catherine.williamson @kcl.ac.uk

Keywords

Pregnancy - Oestrogen - Progesterone - LXR -
FXR - PPAR - Gestational diabetes -
Hypertension - Cholestasis

1.1 Introduction

Pregnancy is a unique state in which the maternal
organism must undergo a multitude of physiolog-
ical adaptations to support the growth of a fetus,
whilst also maintaining its own health. Numerous
cardiovascular, renal, immune and metabolic
changes occur in response to rising concentra-
tions of reproductive hormones and the growing
conceptus [1]. Not surprisingly, disruptions in the
complex regulation of these maternal modifica-
tions can result in pregnancy disorders.

In humans, maternal preparations for pregnancy
occur in every menstrual cycle regardless of the
presence of a conceptus. The uterus and endome-
trium undergo changes that render them receptive to
embryo implantation and placental development [2,
3]. The reproductive hormones oestrogen and pro-
gesterone play a key role in this process, along with
their respective nuclear receptors (the ERs and
PRs). Other nuclear receptors such as peroxisome
proliferator-activated receptors (PPARs) and liver X
receptors (LXRs) also influence trophoblast devel-
opment and placental formation. Comprehending

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022 3
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the mechanisms underlying these early events is not
only important for the understanding of early preg-
nancy pathologies such as recurrent miscarriage
and implantation failure, but also later gestational
complications. It is known that disruptions in decid-
ualisation, implantation and trophoblast invasion
can have a lasting effect on pregnancy, as they can
constitute the pathophysiological basis for pre-
eclampsia, intrauterine growth restriction and pla-
cental abruption [4].

After implantation, maternal metabolism
adapts to cater for the increasing energetic
demands of the fetus (Fig. 1.1). There are marked
alterations in maternal metabolic pathways of
uptake, storage and distribution of nutritional

fuels to match different stages of fetal develop-
ment [1]. Early pregnancy is characteristically an
anabolic state that guarantees the storage of
nutrients in preparation for later stages of gesta-
tion. This period is marked by increased insulin
sensitivity, lipogenesis and lipid storage [5]. As
pregnancy advances, insulin resistance progres-
sively rises towards the third trimester, causing a
shift to a catabolic state [5, 6]. Lipolysis is thus
stimulated, leading to a state of physiological
hyperlipidaemia in the mother [7]. Serum glu-
cose concentrations rise, and glucose is priori-
tised to the fetus, whilst the mother relies on
serum lipids for nutrition [5]. Although the mech-
anisms behind these changes are not fully under-
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stood, nuclear receptors have been identified as
plausible candidates for their regulation [8].

Close to term, changes in the uterine environ-
ment occur to facilitate parturition. The myome-
trium, previously quiescent, becomes responsive
to labour stimuli and undergoes changes that
facilitate its contractions. This is a process
highly regulated by progesterone and its nuclear
receptors.

In this chapter we will explore the contribu-
tion of nuclear receptors to the development of a
normal pregnancy, focusing on early pregnancy
events, maternal metabolic changes and mecha-
nisms behind parturition. We will then describe
how nuclear receptors are implicated in disorders
such as gestational diabetes, hypertensive disor-
ders of pregnancy, intrahepatic cholestasis of
pregnancy and preterm labour.

1.2  The Role of Nuclear
Receptors in Maintaining
a Healthy Pregnancy

1.2.1 Progesterone Receptors

and PPARS in Early Pregnancy

The development of a healthy materno-fetal
interface is essential for pregnancy success. A
key organ at this interface is the placenta. While
maternal uterine receptivity is achieved through
the process of endometrial decidualisation, the
conceptus is responsible for the development of
different trophoblastic lineages that will execute
the placental functions of hormonal synthesis,
materno-fetal exchange of nutrients and adequate
supply to fetal tissues.

The process of decidualisation occurs in the
second phase of the endometrial cycle, when pro-
gesterone concentrations rise following ovulation.
It transforms the oestrogen-primed endometrial
stromal cells into specialised secretory cells that
facilitate implantation and trophoblast develop-
ment [3]. Progesterone is a master regulator of
this process via stimulation of its nuclear proges-
terone receptor (PR). Three forms of PRs have
been identified in mice and humans: PR-A, PR-B
and PR-C, with the first two recognised as the

main isoforms present in the uterus [9]. PR can be
activated by direct binding of progesterone, as
well as through ligand-independent activation
[10], illustrating the complexity of its function.
Whilst the presence of both PR-A and PR-B is
critical for the development of adequate decidual
responses in mice, PR-B seems to have a less cru-
cial role. Knockout studies in mice have shown
that the absence of PR-B does not induce a mark-
edly abnormal uterine phenotype [11, 12]. A tem-
poral change in the expression of each isoform, as
well as their relative expression, is also essential
for adequate endometrial proliferation [13].

After fertilisation, the conceptus implants into
the decidualised endometrium. Its extraembry-
onic tissues undergo differentiation into distinct
lineages, followed by migration and invasion of
maternal tissues to form the placenta. The lineage
termed villous trophoblast (VT) forms the chori-
onic villi, the main materno-fetal exchange sur-
face of the placenta. The extravillous trophoblast
(EVT) is the lineage responsible for anchoring
the placenta into maternal tissues and remodel-
ling uterine spiral arteries to optimise placental
perfusion (Fig. 1.2) [14, 15].

The nuclear peroxisome proliferator-
activated receptor (PPAR) has been impli-
cated in this early process of trophoblast
differentiation and invasion. All three known
PPAR isoforms, PPARa, PPARf and PPARY,
are expressed in human and rodent placentas
[16]. PPARy and its heterodimer partner
RXRa have the most widely reported role in
this process. They are expressed in both VT
and EVT [17]. Their essential role is illus-
trated by the fact that PPARy-null mutations
in mice result in early embryo demise second-
ary to inappropriate placental vascular forma-
tion and trophoblast differentiation [18]. In
vitro experiments with PPARy agonists
showed that PPARy activation abrogates
maternal tissue invasion by the EVT, whilst
PPARY antagonists have the opposite effect
[19-22]. There also seems to be an effect of
PPARY agonists on trophoblast differentia-
tion. In vitro studies of PPARy-null tropho-
blast stem cells showed defects in
differentiation of all trophoblast layers [23],
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Fig. 1.2 Simplified representation of placental
structure (a) and lineages (b). After implantation, the
extraembryonic tissues of the blastocyst differentiate
into distinct lineages to form the placenta. It first dif-
ferentiates into the cytotrophoblast (CTB), a single
layer of epithelial cells that gives origin to the chorionic
villi, the functional units that facilitate feto-maternal
exchange. The cytotrophoblast acts as a stem cell layer
that generates all other lineages. The fusion of cells cre-
ates the multinucleated layer of the syncytiotrophoblast
(STB), which is responsible for placental hormone syn-
thesis. Each chorionic villus is made of a mesenchymal
chore, fetal capillaries, a layer of cytotrophoblast and a
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layer of syncytiotrophoblast. The CTB proliferates into
columns above the chorionic villi, giving rise to the
(EVT), which is responsible for anchoring the placenta
into maternal tissues. These columns merge to form a
CTB shell, which is a continuous structure only
breached by maternal vessels that provide blood to the
intervillous space. The EVT then differentiates into the
interstitial EVT ((EVT), which invades the maternal
decidua, and the endovascular EVT (enEVT), which
invades the spiral arteries and replace their smooth mus-
cle to increase placental perfusion. Both LXRs and
PPARs are involved in trophoblast differentiation and
invasion
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although one study showed that this effect
might be ligand-dependent [24].

Similarly, liver X receptors (LXR) have been
shown to affect trophoblast function. Two sub-
types of LXR, LXRx and LXRf, have been rec-
ognised to date. LXRa is highly expressed in
tissues with high metabolic activity such as
liver and adipose tissue, whereas LXRf is ubiq-
uitously expressed [25, 26]. Both are expressed
in the placenta [27]. LXR is a master regulator
of cholesterol metabolism and is activated by
endogenous oxysterols [28]. A study in an in
vitro model of invasive human trophoblast
showed that activation of LXRp by synthetic or
endogenous ligands can inhibit trophoblast
invasion [29]. LXR activation, by both oxyster-
ols and a synthetic LXR agonist, can also
impair trophoblast differentiation [30, 31].

1.2.2 Liver-X-Receptors, Clock
Genes and Maternal
Metabolic Adaptations in Mid-
to-Late Pregnancy

Two groups of nuclear receptors, LXRs and the
clock-regulating REV-ERBs, have been shown to
influence maternal metabolic adaptations to preg-
nancy. LXR acts as a cholesterol sensor that pre-
vents cholesterol accumulation in tissues. It is a
strong promoter of reverse cholesterol transport,
stimulating the transport of cholesterol from the
periphery to the liver, whereby it is excreted
through the biliary system [25]. In the event of
high serum concentrations of cholesterol, LXR
induces the expression of transporters ABCA1
and ABCG1, both of which facilitate the transfer
of intracellular cholesterol onto apolipoproteins
and HDL, and subsequent return of cholesterol to
the liver [32, 33]. Despite preventing cholesterol
accumulation, LXR has also a seemingly para-
doxical role in de novo lipogenesis. It upregulates
SREBP-1¢, ACC, SCDI and FAS, all of which
participate in fatty acid (FA) and triglyceride
(TG) synthesis pathways [34]. Thus, LXR stimu-
lation can increase serum concentrations of TG
and FAs. By promoting this effect, LXR facili-
tates cholesterol esterification by FAs, a process

that decreases its toxic potential to cells [25]. A
summary of the metabolic effects of LXR and its
target genes can be found in Fig. 1.3a.

The role of LXR in promoting the marked
lipogenic state of early pregnancy has been con-
firmed in a mouse model [35]. However, LXR did
not seem to influence accompanying changes in
cholesterol concentrations. The study showed
that mouse pregnancy presents the expected find-
ings of increased hepatic concentrations of TG in
early stages. A simultaneous upregulation of the
LXR targets Fas, Scd-1 and Srebp-1c was also
observed. These changes then resolved later in
pregnancy, when increased serum concentrations
of TG were observed. The same alterations in
lipid metabolism were reproduced in non-
pregnant females fed LXR agonists, and were
disrupted in LXR knockout mice, confirming the
role of LXRs in the process.

Data on the contribution of LXR to adapta-
tions in later pregnancy are scarce. LXR expres-
sion, along with the expression of other nuclear
receptors, was shown to be reduced in the liver of
mice in late pregnancy [36]. In a different study,
changes in lipid metabolism in late pregnancy
occurred in the presence of normal protein levels
of both LXRa and LXRp [35]. However, admin-
istration of LXR agonists had little effect on the
downstream LXR gene expression profile. It is
therefore possible that although LXR expression
and protein availability remains constant through-
out pregnancy, gestational signals in later stages
interfere with its function.

Changes in lipid metabolism in early pregnancy
also seem to be associated with disruptions in the
body’s clock function. Circadian signals are
known to influence metabolic pathways [37]. The
nuclear receptors REV-ERB-o and REV-ERB-f3
have been shown to regulate a feedback loop
between the body’s master clock at the suprachias-
matic nucleus and peripheral organs [38, 39]. A
study in mice showed that the expression of the
lipogenic genes Fas, Scd2 and Hmgcr are increased
in early pregnancy in comparison to late preg-
nancy. This increase seems to be uncoupled from
the normal circadian oscillations in Rev-erb-a and
Rev-erb-f expression. In late pregnancy, this syn-
chronicity is restored and becomes similar to that
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Fig. 1.3 Simplified representation of the metabolic
effects of nuclear receptors LXR and FXR. Arrows show
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SREBP-1C Sterol regulatory element-binding protein 1,
FAS Fatty acid synthase, ACC Acetyl-CoA carboxylase,
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cassette transporter Al, ABCGI ATP-binding cassette

of non-pregnant females. This shows that, for the
anabolic state of early pregnancy to occur, hepatic
gene expression becomes independent of the usual
hepatic clock system [40].

1.2.3 Parturition

Human labour is a complex event resulting from
cervical ripening and myometrial contractions
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transporter G1, LDLR Low-density lipoprotein receptor, FA
fatty acid, TG triglyceride, HDL high-density lipoprotein,
FXR farnesoid-Xreceptor, SHP small heterodimer partner,
BSEP bile salt export pump, NTCP Sodium-taurocholate
co-transporting polypeptide, APOCII Apolipoprotein C-II,
APOCIII apolipoprotein C-1II, PPARa Peroxisome prolif-
erator-activated receptor alpha, CYP7AI Ta-hydroxylase,
BA bile acid, LPL lipoprotein lipase

that culminate in the expulsion of the fetus and
the placenta. In order to prevent early delivery of
the fetus, the uterus remains quiescent through-
out gestation until endocrine, pro-inflammatory
and mechanical changes occur to trigger myome-
trial activation [41]. Inflammation is a central
feature of human labour (Fig. 1.4), and develop-
ment of a pro-inflammatory state within the
uterus is one of the initial triggers for
parturition.
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Fig. 1.4 Simplified representation of the mechanisms underlying labour. Dashed arrows represent a positive effect.
PR progesterone receptor, HPA axis hypothalamic-pituitary-adrenal axis, CRH corticotropin-releasing hormone

Progesterone is a major regulator of uterine
quiescence. It provides anti-inflammatory and
anti-contractile signals to the myometrium. PR
blocks the activation of nuclear factor kff (NF-
kf), an important initiator of the labour cascade
of events, and its downstream inflammatory tar-
gets [42, 43]. At the same time, PR upregulates
the expression of NF-xf inhibitor [44]. In the
myometrium, activation of PR inhibits the syn-
thesis of connexin 43 (cx43), thus blocking the
formation of gap junctions that are responsible
for uterine contractions [45]. In addition, by
upregulating zinc finger E-box binding homeo-
box proteins ZEB1 and ZEB?2, the PR inhibits the
expression of contractile genes, including the
oxytocin receptor [46].

In most mammals, the onset of labour is marked
by increased inflammatory stimuli in uterine tis-
sues accompanied by a progressive decrease in
circulating progesterone concentrations. In human
pregnancy, however, serum concentrations of pro-
gesterone remain stable throughout gestation. It is
thought that labour onset is secondary to a “func-
tional withdrawal” of progesterone, triggered by a
change in the relative expression and function of
progesterone receptor isoforms [47]. There is sub-
stantive evidence to suggest that PR-B is the prin-
cipal driver of uterine quiescence, whereas PR-A,
when not bound to progesterone, has the ability to
act as an endogenous repressor of PR-B [48]. A
recent study in genetically modified mice has con-
firmed the distinct roles of PR-A and PR-B in



10

L. Borges Manna and C. Williamson

myometrial contractility. Mice that overexpressed
the PR-B isoform had an increased length of gesta-
tion and poor uterine contractions. Mice overex-
pressing the PR-A isoform, on the other hand,
showed increased uterine contractility.
Downstream target genes of both isoforms were
also analysed, confirming a stronger anti-
contractile role of PR-B [49].

Studies in human myometrium have shown a
marked increase in PR-A expression close to
term, increasing the PR-A to PR-B ratio [50, 51].
In addition, in the period leading up to labour
onset, a change in progesterone metabolism
within the myometrium takes place. The expres-
sion of the enzyme 20a-hydroxysteroid dehydro-
genase (20a-HSD), that converts progesterone
into an inactive metabolite, markedly increases,
decreasing the ability of progesterone to bind to
PR-A [52, 53]. The unliganded PR-A, in addition
to repressing PR-B, acts as a transcriptional acti-
vator of cx43 [48, 54]. The anti-inflammatory
properties of PR-B are then overcome, and unre-
strained tissue inflammation perpetuates labour
signals [55]. In particular, an increase in IL-1p
within the uterus increases NF-kf} activity, whilst
at the same time repressing PR-B activity and
further perpetuating the cycle of myometrial acti-
vation [56].

1.3  Nuclear Receptors
and Gestational Disorders
1.3.1 Gestational Diabetes Mellitus

Gestational diabetes mellitus (GDM) is defined
by the presence of glucose intolerance that devel-
ops, or is first recognised, in pregnancy [57]. The
global prevalence of GDM is on the rise, with an
estimated 16% of pregnancies affected by some
form of hyperglycaemia [58]. This increase is
thought to be linked to the equally rising preva-
lence of obesity amongst reproductive age
women, and increase in maternal age [58, 59].
Pregnancies affected by GDM have an increased
risk of poor outcomes, with the most prevalent
complication being fetal macrosomia and its
related birth injuries [57]. Fetal death, preterm

birth and neonatal unit admission are also recog-
nised outcomes [60]. Mothers affected by GDM
are also more likely to develop pre-eclampsia,
adding to the existing maternal and fetal morbid-
ity [60]. The implications of GDM for future
health are a much wider public health issue;
affected women have an approximately 26%
increased risk of developing type 2 diabetes mel-
litus 15 years after their GDM diagnosis, and are
at higher risk of developing cardiovascular dis-
ease in later life [61, 62]. Meanwhile, children
exposed to GDM in the intrauterine environment
can have suboptimal neurodevelopmental out-
comes and also increased risk of developing met-
abolic disease later in life [59, 63, 64].
Oestrogen can influence glucose homeostasis
[65], and oestrogen receptors have been investi-
gated in the pathophysiology of diabetes melli-
tus. An association between the rs1256031
polymorphism in the oestrogen receptor § (Erf)
gene and the development of type 2 diabetes mel-
litus has been found in a Mexican study [66]. A
similar study in a Chinese population did not
confirm this association in GDM-affected women
[67]. GDM development has, however, been
associated with the PVull single nucleotide poly-
morphisms in oestrogen receptor o (Era) [68].
Outside of pregnancy, the development of
insulin resistance and diabetes is closely related
to disorders in lipid metabolism. Abnormal serum
and tissue concentrations of lipids can be both
cause and consequence of impaired glucose
homeostasis [69-71]. Nuclear receptors involved
in lipid regulation have thus been investigated in
the context of type 2 diabetes mellitus. LXR ago-
nists have been shown to influence glucose
metabolism both in vitro and in mice, and are
thought to be potent serum glucose-lowering
agents [72-74]. However, a concomitant rise in
serum triglyceride concentrations with the use of
these agents has so far hindered their develop-
ment as anti-diabetic drugs [74]. The contribu-
tion of LXR to GDM pathogenesis and its role in
treatment of GDM have not been explored to the
same extent. An analysis of gene expression in
the adipose tissue of women affected by GDM
showed an overall reduced expression of LXR
and evidence of abnormal adipose tissue metabo-
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lism [75]. Although it is plausible that these
changes might contribute to the development of
GDM, substantive data are lacking.

Farnesoid X receptors (FXR) are also seen as
promising targets for the treatment of glucose
disorders [74]. Whilst LXR acts primarily as a
cholesterol sensor, FXR is a sensor of the end
products of cholesterol metabolism — bile acids
(BA). When serum BA concentrations are raised,
FXR inhibits further BA synthesis, whilst at the
same time promoting BA excretion from the
hepatocyte to the biliary system (Fig. 1.5). This is
an important step in cholesterol metabolism, as it
is excreted in the bile in the form of BAs.
Therefore, FXR is also implicated in the control
of lipid metabolism (Fig. 1.3b). In addition to
modulating cholesterol concentrations, it induces
the expression of LPL and downregulates

SINUSOID

HEPATOCYTE

ENTEROHEPATIC
CIRCULATION

ENTEROCYTE

Fig. 1.5 Summary of the main BA transporters in
the enterohepatic circulation and FXR effects in the
hepatocyte and enterocyte. The hepatocyte on the left
represents the effects of FXR activation by bile acids
(circles). Dashed green arrows represent transcriptional
activation and solid red arrows transcriptional repres-
sion. The hepatocyte on the right represents additional

BILE CANALICULUS

SREBP-1c, generating an overall effect of lower-
ing serum triglyceride concentrations. There also
seems to be an impact of FXR on glucose metab-
olism both directly, via repression of gluconeo-
genic genes, and indirectly by controlling serum
concentrations of TG and free fatty acids (FFAs).
Indeed, FXR-null mice show a dyslipidaemic and
hyperglycaemic profile with hypertriglyceride-
mia, high concentrations of circulating FFAs,
impaired glucose tolerance and decreased insulin
sensitivity [76]. A study in pregnant FXR-null
mice also demonstrated new onset of impaired
glucose tolerance and insulin resistance in com-
parison to controls [77]. A randomised controlled
trial investigating the effects of the natural FXR
agonist obeticholic acid (OCA) showed that it
increases insulin sensitivity and improves liver
inflammation in adults affected by type 2 diabe-

HEPATOCYTE SINUSOID

bile acid transporters upregulated in the event of cho-
lestasis. Once bile acids reach the intestinal lumen they
activate FXR in the enterocyte. FXR then induces the
synthesis of FGF19, which reaches the hepatocyte to fur-
ther repress Cyp7al and Cyp8bl after binding to its
receptor, FGFR4. FXR Farnesoid X Receptor, SHP small
heterodimer partner
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tes mellitus and non-alcoholic liver disease [78].
Based on these findings, the effects of OCA were
also studied in a mouse model of diet-induced
GDM [79]. Although a reduction in serum cho-
lesterol concentrations was observed, no changes
in glucose tolerance occurred.

1.3.2 Intrahepatic Cholestasis

of Pregnancy

Intrahepatic cholestasis of pregnancy (ICP) is a
gestational liver disorder that presents with
maternal pruritus and increased serum BAs. Its
prevalence varies in different ethnicities and
around the globe, ranging between 0.2% and
5.6% of pregnancies [80, 81]. Although maternal
symptoms tend to resolve soon after delivery,
ICP is associated with adverse pregnancy out-
comes, which are directly related to serum BA
concentrations. Preterm birth and neonatal unit
admissions are more likely to occur when serum
BAs are above 40 pmolL, whilst the stillbirth rate
increases with BAs above 100 pmol/L [82, 83].

ICP has a multifactorial aetiology, with envi-
ronmental and genetic components [84—87], but
FXR and its target genes are a central aspect of the
pathophysiology of the disease. FXR is a master
controller of the enterohepatic circulation, a pro-
cess that regulates synthesis and excretion of BAs
in the hepatocyte, and their subsequent recycling
through the bowel [88] (Fig. 1.5). Its natural
ligands consist of both conjugated and unconju-
gated BAs [89, 90]. When high serum concentra-
tions of BAs are detected, FXR suppresses the
enzyme CYP7AI, the rate-limiting step in the
synthesis of BAs from cholesterol, whilst at the
same time inducing the expression of the trans-
porter BSEP thus downregulating NTCP [89,
91-94]. The overall effect is a reduction in BA
synthesis, increase in BA excretion into bile and
reduction in BA uptake in the hepatocyte.

There is evidence to suggest that FXR func-
tion is blunted in normal murine pregnancy. In
fact, both mouse and human pregnancy show
increased serum BA concentrations when com-
pared with non-pregnant controls [95].
Microarray followed by Ingenuity Pathway

Analysis (IPA) have been performed in FXR-
knockout and pregnant mice, showing that the
attenuated response to rising BAs is similar in
both groups i.e. reduced induction of FXR
downstream targets Shp, Bsep, Mrp3 and Mdrla
[95]. This effect is thought to be mediated by
rising concentrations of maternal hormones, as
a direct interaction between ERa, sulfated pro-
gesterone metabolites and FXR has been
reported [86, 95-98]. The exact purpose of this
physiological change in FXR function during
pregnancy is unknown, but it might play a role
in regulating some of the maternal metabolic
changes.

In ICP, it is thought that the altered hormonal
environment as a consequence of pregnancy
unmasks the disease in genetically predisposed
women. Sulfated progesterone metabolites are
markedly increased in the serum of women
affected by ICP when compared to controls [98],
and this is thought to interfere with FXR func-
tion. Women with ICP also present with dyslipi-
daemia and are at increased risk of developing
GDM [99-101]. Both changes are consistent
with findings in FXR knockout mice, confirming
the finding of an attenuated FXR response in the
condition [76].

The goals of ICP treatment are maternal
symptom control and reduction of fetal risks.
Ursodeoxycholic acid (UDCA) is commonly pre-
scribed to treat the disease. UDCA is a naturally
occurring, relatively hydrophilic BA that makes
up approximately 3% of the human BA pool
[102]. Its effects occur by transformation of the
BA pool into a less hydrophobic, hence less cyto-
toxic one, and by regulation of hepatic BA trans-
porters both at a transcriptional and protein level
[103]. A large 2019 randomised placebo-
controlled trial showed that UDCA has some
effect on maternal pruritus but in this study it was
not effective in reducing adverse perinatal out-
comes [104]. However, a more recent individual
participant data meta-analysis that included data
from a considerably higher number of ICP cases
with serum BA concentrations >40 pmol/L than
in the randomised placebo-controlled trial,
showed that UDCA treatment reduces rates of
stillbirth and preterm birth when maternal serum
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BA concentrations are elevated above this thresh-
old [105].

Similar to GDM, ICP is associated with long-
term metabolic consequences for the fetus. A
cohort study in affected babies showed that they
were likely to develop features of the metabolic
syndrome in adolescence. These findings were
replicated in a mouse model of gestational cho-
lestasis, and the mechanisms behind these
changes are thought to be a disruption of lipid
homeostasis in the fetoplacental unit [106]. In
mice, UDCA treatment during pregnancy was
able to reverse some of these features in the off-
spring [107].

1.3.3 Pre-eclampsia

Pre-eclampsia is a multisystem disorder of preg-
nancy characterised by raised maternal blood
pressure after 20 weeks of gestation and endothe-
lial dysfunction, and it can result in multiorgan
dysfunction [108]. It is one of the leading causes
of maternal and fetal morbidity and mortality in
low- and middle-income countries [109], causing
approximately 14% of maternal deaths world-
wide [110].

The placenta seems to be central in the patho-
physiology of the disease. Placental dysfunction
results in recurrent ischemia-reperfusion injury
in the placental bed, triggering an angiogenic
imbalance in the mother [111]. The origin of this
placental dysfunction is a subject of debate:
although conventionally it is thought to be the
result of insufficient invasion of spiral arteries by
the EVT, new lines of evidence propose that
abnormal placental perfusion is secondary to
underlying abnormalities in maternal cardiac
function that preclude an adequate maternal car-
diovascular adaptation to pregnancy [112].
Definitive treatment of pre-eclampsia consists of
delivery of the fetus and the placenta; however,
this causes a dilemma for clinicians and women
when a fetus is preterm. The recommended prac-
tice is strict control of maternal blood pressure
and planned delivery from 37 weeks of gestation,
with the decision to deliver severe cases prior to
this taken on a case by case basis [113-115].

Given the influence of PPARYy on trophoblast
differentiation and development, there is an
increasing interest in its role in the pathogenesis
and treatment of pre-eclampsia. The expression
of PPARY in placentas of women affected by pre-
eclampsia has been investigated, but no differ-
ences have been found in comparison to controls
[116, 117]. No associations between polymor-
phisms of the PPARy receptor gene and the
development or severity of pre-eclampsia have
been found either [118]. Administration of
PPARY antagonists in mice induces a phenotype
of raised blood pressure, reduced pup weight and
endothelial dysfunction, similar to a pre-
eclamptic phenotype [119]. In addition, the bal-
ance between pro- and anti-angiogenic factors in
maternal serum is disrupted in a way similar to
the disease in humans, and the studied mice show
evidence of impaired trophoblast differentiation.
Administration of the PPARYy agonist rosigli-
tazone reverses the majority of these changes
[120, 121]. One study has shown that women
who develop pre-eclampsia have decreased
serum concentrations of PPARY activators, which
are normally increased in unaffected pregnan-
cies. These findings are present before the onset
of disease [122].

LXRs have also been investigated in the con-
text of pre-eclampsia. Their roles in trophoblast
development and regulation of placental choles-
terol metabolism have been postulated as contrib-
uting factors to its pathogenesis [123]. LXRa
mRNA expression and LXRp protein levels have
been investigated in placentas from women
affected by pre-eclampsia, with variable results
[124, 125]. One study showed that expression of
both LXRa and its target endoglin, a regulator of
trophoblast invasiveness and endothelial function
previously implicated in the pathogenesis of pre-
eclampsia, were both increased in placentas from
affected women [125].

1.3.4 Spontaneous Preterm Labour
Preterm labour (PTL) is defined as the onset of

regular uterine contractions and cervical dilata-
tion prior to 37 weeks of pregnancy. An estimated
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15 million babies are born premature every year,
and the complications of an early birth are the
leading cause of mortality in children under
5 years of age [126, 127]. Considering that inflam-
mation is central to the onset of labour, conditions
that cause an increase in the inflammatory load of
uterine tissues are potential triggers of early
labour. Recognised causes are maternal or fetal
infection, early activation of the fetal hypotha-
lamic-pituitary-adrenal axis, chorion-decidual
haemorrhage, over-distention of the myometrium
(e.g. multifetal gestation), changes in the vaginal
microbiome and maternal stress [128-130].
However, a significant number of cases of preterm
labour do not have an identifiable cause.

So far, no effective treatment for PTL has been
found. Pharmacological strategies consist of a
reactive approach that aims to delay the onset of
parturition for a few days, with the aim of allow-
ing time for fetal lung maturation with exogenous
corticosteroids. Progesterone supplementation
has been extensively studied as a preventative
strategy. The rationale for this approach remains
questionable, as it is an established fact that the
onset of human labour is not secondary to decreas-
ing progesterone concentrations. Nevertheless,
positive results have been found in women at high
risk of PTL, such as those with a previous history
of PTL, evidence of a short cervix or multifetal
pregnancies. The most recent individual partici-
pant meta-analysis evaluating randomised clinical
trials in this subject has shown that the adminis-
tration of vaginal progesterone and intramuscular
17-hydroxyprogesterone caproate (17-OHPC) are
successful in preventing birth before 34 weeks in
high risk singleton pregnancies [131]. This effect
seems to be stronger in women with a reduced
cervical length.

The challenges in developing strategies for the
prevention of preterm birth stem from the fact that
it has multiple causative factors, with likely dis-
tinct molecular mechanisms. In addition, the
background risk of different populations varies,
hindering the assessment of interventions. The
mechanisms through which progesterone supple-
mentation can prevent PTL are still not fully
understood. A study of progesterone supplemen-

tation in mice showed no changes in the expres-
sion of molecules related to uterine contractility,
cervical remodelling or local inflammation [132].
A different study showed that vaginal progester-
one, in contrast to intramuscular 17-OHPC, has
an influence on the myometrial immune profile
and molecules related to cervical ripening [133].
It is also possible that different preparations of
progestogens exert distinct effects on PRs and
labour mechanisms, or can evade the myometrial
changes in progesterone metabolism in different
ways [134]. Understanding these mechanisms
would allow us to optimise the use of progester-
one for prevention of PTL.

1.4  Conclusions

Nuclear receptors are remarkable integrators of
hormonal, nutritional and transcriptional path-
ways that are increasingly recognised as impor-
tant orchestrators of pregnancy adaptations. They
are an essential part of early events of pregnancy,
maternal metabolic adaptations and parturition.
So far, the prospect of treating gestational disor-
ders with modulators of nuclear receptors has
been mainly considered with reference to treat-
ment strategies applied to non-gestational pathol-
ogies. A better understanding of the role of
nuclear receptors in normal gestation and its spe-
cific disorders is necessary to enable consider-
ation of potential new therapeutic strategies.
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Abstract

The female reproductive system which con-
sists of the ovaries, uterus (myometrium,
endometrium), Fallopian tubes, cervix and
vagina is exquisitely sensitive to the actions of
steroid hormones. The ovaries play a key role
in the synthesis of bioactive steroids (oestro-
gens, androgens, progestins) that act both
within the tissue (intracrine/paracrine) as well
as on other reproductive organs following
release into the blood stream (endocrine
action). Sex steroid receptors encoded by the
oestrogen (ESRI, ESR2), progesterone (PR)
and androgen (AR) receptor genes, which are
members of the superfamily of ligand acti-
vated transcription factors are widely
expressed within these tissues. These recep-
tors play critical role(s) in regulation of cell
proliferation, ovulation, endometrial receptiv-
ity, myometrial cell function and inflamma-
tory cell infiltration. Our understanding of
their importance has been informed by studies
on human tissues and cells, which have
employed immunohistochemistry as well as a
wide range of molecular and genetic methods
to identify which processes are dependent ste-
roid ligand activation. The development of
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mice with targeted deletions of each of these
receptors has provided complementary data
that has extended our appreciation of cell-cell
interactions in the fine tuning of reproductive
tissue function. This large body of work has
formed the basis of new and improved thera-
peutics to treat conditions such as infertility.

Keywords

Ovary - Uterus - Fallopian tube - Cervix -
Oestrogen receptors - Androgen receptor -
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2.1 Introduction

Steroid hormones, acting via their cognate recep-
tors, play a key role in regulation of all organs
within the female reproductive system. The ova-
ries are a major source of endocrine steroid hor-
mones that have body-wide impacts on both
reproductive and other tissue systems. In this
chapter we will introduce the organs of the female
reproductive system, review data on each of the
main steroid receptors that bind oestrogens,
progestins and androgens, their patterns of
expression and impact on the reproductive tis-
sues/cells. The primary focus will be on human
tissue function but with some information on
model species where this provides complemen-
tary information.
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2.2  Anatomy of the Female

Reproductive System

The anatomy of the reproductive system in
women is illustrated in Fig. 2.1.

2.2.1 Ovaries

Ovaries are oval-shaped organs located on either
side of the uterus composed of both germ cells
(developing into oocytes) and somatic cells
(granulosa, thecal, stromal). Externally, the ovary
is surrounded by simple cuboidal epithelium
overlying the cortex where ovarian follicles of
various maturities reside. Ovarian follicles typi-
cally contain a single oocyte surrounded by gran-
ulosa and thecal cells [126]. The innermost layer
of the ovary is known as the ‘medulla’ or ‘hilus’
mainly comprised of neurovascular structures
[52]. Follicular maturation is a complex process
that is temporally controlled by interrelated intra-
and extra ovarian factors that lead to ovulation of
a mature oocyte and transformation of the rup-
tured follicle into a corpus luteum (Fig. 2.1) [24].
In primates, multiple follicles initiate develop-
ment during each menstrual cycle but the major-

Ampulla

Fallopian
Tubes

Infundibulum <|:

Fimbrae

Cervix

Fig. 2.1 Architecture of the human reproductive organs
in women. Note the relationship between the two ovaries
found in close association with the fimbrae leading to the
Fallopian tubes down which shed oocytes travel en route

ity fail to complete the process to become the
dominant ovulatory follicle. After ovulation,
development of the corpus luteum is associated
with extensive angiogenesis and transformation
of the follicular cells (granulosa/theca) into luteal
cells which are characterised by secretion of pro-
gestins [42, 47].

2.2.2 Fallopian Tubes

The Fallopian tubes (oviduct) act as the con-
nection between the ovaries and the uterus
facilitating transport of the oocyte following
ovulation (Fig. 2.1). They are surrounded by a
muscular layer composed of circular and longi-
tudinal smooth muscle fibres and are lined by
ciliated cells in the inner mucosal layer [14].
The Fallopian tubes can be divided into four
main segments: fimbrae, infundibulum,
ampulla, and isthmus. The infundibulum is the
widest and most distal section with small, fin-
ger-like projections (known as fimbrae) that
capture the released ovum in the peritoneal cav-
ity. Once sequestered, the coordinated muscu-
lar contractions and beating of cilia on the
epithelial cells direct the ovum towards the

Uterus

Vagina

to the lumen of the uterus. The uterus (womb) has a robust
outer layer consisting of muscle cells (myometrium) and
an inner luminal layer of endometrium. (Figure prepared
by KK using BioRender software)
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uterus [148]. Lastly, the isthmus is a short, nar-
rowed segment connecting the ampulla to the
uterus.

2.2.3 Uterus

The uterus (womb) is a multi-layered, hollow
reproductive organ that plays a key role in nurtur-
ing the developing embryo. Like the ovaries, it is
suspended by several ligaments with attachments
to pelvic structures. The Fallopian tubes join on
either side of the superior uterus segment (fun-
dus) and the cervix opens inferiorly from the isth-
mus [4]. From the outermost to innermost layer,
the uterus consists of the perimetrium, myome-
trium, and endometrium (Fig. 2.1). The perime-
trium is a serous layer of epithelial cells
lubricating the surface of the organ within the
peritoneal cavity. The myometrium is made up of
longitudinal and circular smooth muscle layers
that enlarge during pregnancy to accommodate
the foetus [76].

The endometrium undergoes structural
changes throughout the endometrial cycle
(Fig. 2.2) as well as contributing to the pla-
centa during pregnancy. The luminal aspect of
the endometrium is lined by a simple columnar
epithelium that overlies the multicellular
stroma containing endometrial stromal fibro-
blasts/decidual cells, connective tissue, spiral
arteries, and glands [35]. The stromal compart-
ment also hosts a complex, dynamic and fluc-
tuating population of immune cells which
includes a unique population of CD56 positive
natural killer (CD56+ NK) cells, members of
the monocyte/macrophage lineage and neutro-
phils [6, 33, 68]. In women, the inner portion
of the endometrium is referred to as the func-
tional layer with the area closest to the myome-
trium considered as the basal layer: the
functional layer is shed at the time of menstru-
ation (Fig. 2.2). One of the most striking alter-
ations in endometrial function occurs following
ovulation, when the rapidly rising concentra-
tions of progesterone (P) in the blood bathing
the tissue stimulate terminal differentiation
(decidualization) of the stromal fibroblasts to

create a favourable microenvironment for
embryo implantation [115]. Details of the pro-
cess of decidualization of the endometrium are
reviewed in [50]; stromal cell decidualization
can be successfully modelled in vitro using
cells isolated from endometrium during the
proliferative phase [49, 56]. In the absence of
pregnancy a rapid fall in the concentration of
ovarian-derived progesterone triggers a cas-
cade of events leading to menstruation includ-
ing an influx of immune cells; increased
expression of inflammatory mediators such as
prostaglandins increased vessel permeability
and increased expression of enzymes that break
down extracellular matrix culminating in endo-
metrial tissue breakdown [35]. One of the most
remarkable features of menstruation is the
piecemeal shedding of the tissue which occurs
in parallel with rapid repair and restoration of
tissue integrity without forming a scar [48].

2.2.4 Cervix andVagina

The lower segment of the uterus is known as
the cervix and has three distinct functions:
maintaining a sterile environment in the upper
female reproductive tract, facilitating sperm
transport, and retaining the foetus during preg-
nancy until delivery. These functions are regu-
lated by local and circulating hormones. For
example, when oestrogen levels rise, cervical
secretion of watery mucous increases, raising
the pH, and optimizing the environment for
sperm survival. However, when progesterone
increases, mucous secretions decrease and
become more viscous blocking sperm migra-
tion [102]. The cervix opens into the vagina
which extends to the vulva forming the vaginal
canal. It is a muscular tube covered by strati-
fied squamous epithelial cells. The vagina does
not have glands and lubrication is generated
from fluid transudate passing through epithe-
lial cells which can be upregulated by sexual
stimulation or oestrogen [60]. The fall in circu-
lating concentrations of steroids after meno-
pause can contribute to vaginal dryness and
tissue atrophy [87].
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Fig. 2.2 Summary of the different phases of the human
menstrual cycle. The upper section of the figure highlights
the changes in the ovary illustrating a single follicle as it
grows and develops prior to ovulation and thereafter
transforms into a corpus luteum which regresses if preg-
nancy does not occur. The phases of the endometrial cycle
that mirror these changes in ovarian function are given
below the diagram of the endometrium. During the fol-
licular/proliferative phase, rising concentrations of follic-

2.3  Hormone Biosynthesis
and Metabolism Within
the Female Reproductive

System

In women, steroids are synthesised from cho-
lesterol in the ovaries and adrenals via a series
of enzymatic conversions which has been
extensively reviewed elsewhere [110, 119].
The key enzymes fall into two major classes of
proteins: the heme-containing cytochrome
P450 (CYP) and the short chain dehydroge-
nase/reductase (HSD). The review by Hu et al.
contains a useful summary of the key locations
of these enzymes [72]. For a detailed analysis

Secretory phase Premenstrual phase

ular oestrogen promote cell proliferation and active
angiogenesis. After ovulation, the production of proges-
terone by the corpus luteum promotes functional differen-
tiation (decidualization) of the stromal cells. If pregnancy
does not occur, the corpus luteum involutes, circulating
levels of progesterone fall rapidly and the inner aspect of
the tissue breaks down (menstruation). (Figure prepared
by KK adapted from “Uterine Cycle” from BioRender.
com 2021)

of the differences between steroid pathways in
the ovaries and adrenals, readers are referred
to Miller and Auchus [110]. Studies in rodent
models have been useful in identifying the
role of ovarian steroids but have some limita-
tions because human adrenal glands produce
large quantities of the androgens dehydroepi-
androsterone (DHEA) and androstenedione
but mouse adrenals do not [143].

2.3.1 Endocrine - Ovary

The ovaries are part of the hypothalamus-pituitary-
ovarian (HPO) axis, which is a hormone driven
regulator of the female reproductive system [38].
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In brief, at the hypothalamus, pulsatile secretion of
gonadotrophin-releasing hormone (GnRH) acts on
the anterior pituitary to stimulate synthesis and
secretion of the gonadotrophin hormones luteinis-
ing hormone (LH) and follicle-stimulating hor-
mone (FSH). These hormones bind to G-protein
coupled receptors expressed in ovarian cells to
regulate cell growth and the expression of enzymes
that regulate biosynthesis of steroid hormones.
Mature ovarian follicles have 4 main cell types:
the oocyte which is surrounded by cumulus granu-
losa cells, the outer mural granulosa cells and the
surrounding thecal cells. In the early stages of fol-
licular development the primary effects of LH are
on the thecal cells whereas FSH receptors are
abundant on granulosa cells [126].

Within the ovary, steroidogenesis is parti-
tioned between the granulosa and theca cells
which express different enzymatic components
in humans (and mice) summarised as conforming
to a ‘two cell/two gonadotropin model’ [74]. In
brief, androgens are synthesized from cholesterol
in LH-stimulated theca cells, then converted into
oestrogens in FSH-stimulated granulosa cells.
The enzyme CYP17, which converts pregneno-
lone and progesterone to dehydroepiandrosterone
(DHEA) and androstenedione, respectively, is
expressed primarily in theca cells. Aromatase
(CYP19), the protein which plays a critical role
in conversion of testosterone to oestradiol, is
expressed in mural granulosa cells with levels
rising rapidly as the follicles mature [141].
Notably, LH receptors are not exclusively found
in theca cells, with expression levels in mural
granulosa cells rising in response to FSH just
prior to the LH surge [74]. In female mice with
targeted deletion of Cypl9 (Arko) the ovaries
contain cells with characteristics of testicular
cells including seminiferous tubule-like struc-
tures lined with Sertoli cells [16] a phenotype
that has clear parallels with that of the ovaries of
mice with double knockouts of Esril/Esr2 high-
lighting a role for locally synthesised oestrogens
in granulosa cell differentiation/phenotype [45].

Ovulation is a tightly regulated multistep pro-
cess; following ovulation a rapid reorganization
and remodelling of the follicle occurs as the gran-
ulosa cells and theca cells luteinize (reviewed in
[128]). The capacity to transform cholesterol to

progesterone is a universal characteristic of cor-
pora lutea (CL) and involves the mitochondrial
P450scc and 3BHSD type 2 located in the endo-
plasmic reticulum: both enzymes are dramati-
cally upregulated in the CL enabling the organ to
produce large quantities of progesterone [138],
The CL also produces androgens and oestrogens
with the major androgen produced by the ovary
being the weak androgen, androstenedione [138].

2.3.2 Intracrine

Studies in mice were the first to highlight an
essential role for local expression of aromatase
within the decidualized endometrium in regula-
tion of angiogenesis [37]. Subsequent studies
using primary endometrial stromal cells decidu-
alized in vitro mirrored these findings [53]. More
recently Gibson and colleagues have shown bio-
synthesis and intracrine metabolism of androgens
occurs during decidualization and can influence
expression of genes implicated in endometrial
receptivity [56]; reductions in the precursor pool
of DHEA with age which may contribute to
reduced fertility in older women [58]. Taken
together all these studies point towards an impor-
tant role for oestrogen and androgen metabolism
in supporting the development of a receptive
endometrial tissue microenvironment and estab-
lishment of a viable pregnancy. Targets for the
actions of the locally generated oestrogens
include immune cells [59] and endothelial cells
[62]. Intracrine metabolism of steroids has also
been investigated in postmenopausal tissues with
landmark studies from the Labrie group high-
lighting the potential use of topical DHEA as a
treatment for vaginal atrophy [86].

2.4  Expression and Action
of Steroid Receptors Within
the Female Reproductive
System

2.4.1 Oestrogen Receptors

In the female reproductive system, oestrogen’s
effects are classically mediated by two nuclear
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hormone receptors: ERa (encoded by ESRI) and
ERp (encoded by ESR2). All steroid receptors are
believed to have arisen from a common ER-like
ancestor with divergence of ESRI and ESR2
sequences occurring following the evolution of
jawed vertebrates [139]. Notably, whilst ERa and
ERp exhibit a high degree of homology in their
DNA binding domains suggesting they can bind
to similar promoter sequences, differences in the
amino acids within their ligand binding domains
alter their affinity for some ligands (such as phy-
toestrogens) [36, 100]. These receptors may act
via both classical and non-classical pathways
with the latter involving rapid signalling [67, 90].
Oestrogens may also bind GPER1 a G-protein
coupled receptor that is expressed in human
endometrium [82]; much less is known about this
receptor than the nuclear receptors and its role is
outside the scope of this chapter.

The expression of ERa and ERp mRNAs and
protein vary between different cells and tissues in
the reproductive system; the complexity of the
system is further complicated by the expression
of a number of splice variant isoforms [124, 132,
136]. When ERa and ERp (or their splice vari-
ants) are expressed in the same cell they may
form either homo- or heterodimers with varying
impacts at regulatory domains acting either by
direct binding to EREs (oestrogen response ele-
ments) or via tethered binding mechanisms
involving additional transcription factors such as
AP1, Spl and FOXO [62, 117]. Together with the
potential for varying ligand affinities, the avail-
ability of two different oestrogen receptors may
explain why such a variety of oestrogen-
dependent responses have been reported in repro-
ductive tissues and reproductive pathologies. We
and others have used specific antibodies to reveal
cell-specific patterns of expression in human
reproductive tissues [28, 34, 131]. Animal mod-
els with global or cell specific ablation of Esrl
and/or Esr2 have been developed and can be a
useful complement to studies on human tissues
and cells [45, 84].

Ovary

Analysis of primate ovaries was undertaken using
three different antibodies directed against different
regions of recombinant ERB protein: protein of
appropriate size was detected on Westerns and
localized to cellular nuclei in multiple cell types in
both marmoset and human ovaries [131]. In this
study there was consistent detection of ERp protein
as the predominate ER subtype in the nucleus of
granulosa cells (all follicle sizes), thecal cells, cor-
pus lutea, stroma, and epithelium. In the same study
(in parallel tissue sections) ERa expression was
lower in the stromal/thecal cells and was only
expressed in granulosa cells of antral follicles [131].
Splice variant isoforms of the ESR2 gene have also
been identified in the human ovary but their func-
tion is unknown [124].

In mice engineered with knockout of Esrl/
(ERaKO), Esr2 (ERBKO) or both, studies have
revealed that the single knockout mice display
distinct phenotypes [30, 45]. For example,
Dupont et al. reported that the ERaKO females
are sterile, whereas ERBKO females are either
infertile or exhibit variable degrees of subfertility
[45]. Folliculogenesis proceeds normally up to
the large antral stage in both ERaKO and ERBKO
adults, whereas large antral follicles of ERapKO
adults are markedly deficient in granulosa cells
[45]. Couse et al. also reported that steroidogen-
esis in the ERaKO ovaries was disturbed. For
example, Hsd17b3 expression was upregulated
with formation of Leydig-like cells in the intersti-
tium [30]. Strikingly, in the ERafKO, granulosa
cells transform into cells displaying junctions
that are unique to testicular Sertoli cells and with
up regulation of Sox9, a transcription factor
involved in differentiation of Sertoli cells in the
foetal testis [46]. Notably SOX9 has also been
identified as a marker of ER negative luminal cell
progenitors in breast cancer [25] and its upregu-
lation has been implicated in resistance to endo-
crine therapies including administration of the
SERM tamoxifen [75].
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In adults, ERBKO ovaries exhibit an attenu-
ated response to FSH and reduced expression of
Lhcgr and Cypl9al both of which are critical
for ovarian steroidogenesis [41, 66]. These stud-
ies have been complemented and extended by
genomic profiling of granulosa cells recovered
using laser capture microdissection which con-
firmed altered expression of genes known to be
regulated by FSH (Akap12 and Runx2) as well
as a extending this relationship to include
approximately 300 other genes not previously
reported as associated with ERp regulation of
these cells [10]. These studies have been com-
plemented by a large body of literature explor-
ing the function of human granulosa cells
in vitro with recent papers highlighting aberrant
gene expression and steroid metabolism in cells
recovered from the ovaries of women with poly-
cystic ovarian disease [88, 116].

Fallopian tube

Expression of ERa and ERf is reported to remain
relatively constant in the Fallopian tubes although
expression of ERa protein was reduced in biop-
sies from women with ectopic pregnancy [71].
The limited number of studies on human tissues
have been complemented by those focused on the
oviduct of mice that have reported embryo trans-
port was unaffected in the ERBKO. In contrast
when embryos were retrieved from Wnt7a";
Esr™ (ERaKO) females 3.5 days post coital
(dpc), 100% of the embryos were retained in the
oviduct whereas they had transited to the uterus
in wild types [91]. In another study of conditional
knockout mice (cKO) lacking ERa, fertilized
eggs failed to survive beyond the 2-cell stage.
When antimicrobial activity was measured in
vitro, significantly higher protease activity was
observed in the cKO mice compared to the wild
type resulting in disruption of the zona pellucida
and altered plasma membrane activity, both detri-
mental to the survival of embryos [154].

Endometrium

During the menstrual cycle, the fluctuating levels
of ovarian-derived oestrogenic hormones results
in physiological endometrial changes that are
mediated by both ERa and ERp. The patterns of
expression vary between the cell types within the
tissue with the prediction that a variety of both
homo- and hetero-dimers may be formed. In the
functional layer, ERa protein expression is high
in glandular epithelial and stromal cells during
the proliferative phase but reduced during the
mid-late secretory phase [32, 104]. In contrast,
ERp was expressed in the luminal epithelium,
endothelial cells and stromal fibroblasts. Whilst
protein expression declined in the epithelial cells
during the secretory phase, it remained unchanged
in the stromal cells [32]. Notably the expression
of ERa and ER in the cells of the basal compart-
ment did not show such dynamic changes as
those in the functional layer.

Expression of ERa is important for both endo-
metrial cell proliferation and expression of
PR. Studies in mice have been useful in showing
that the impact of E2 on epithelial cell prolifera-
tion during the follicular phase is mediated via
stromal ERa. Specifically the E2 stimulated
ERa-dependent gene expression increases the
secretion of insulin growth factor 1 (Igfl) and
other proteins (Mad211, Cdknla, Cebpb) that
stimulate endometrial epithelial cell proliferation
[155]. Elevated caspases (pro-apoptotic) were
found in uterine epithelial-specific tERKO mod-
els, suggesting ERa may directly regulate apop-
tosis in this cell type [153].

On the contrary, in vitro studies suggest
that ERp inhibits endometrial epithelial cell
proliferation. When BERKO uteri underwent
E, stimulation, increased stromal /gf/ mRNA
and decreased epithelial growth factor recep-
tor (Egfr) expression was observed [144, 149].
In mice with selective ERa ablation in luminal
and glandular epithelial cells, decidualization
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was impaired which may be explained by the
reduced expression of leukemia inhibitory fac-
tor (Lif) as Lif activates the ERK1/2 pathway
which induces Indian hedgehog (Ihh) expres-
sion in the epithelium and controls stromal
decidualization [118]. Apart from regulating
cellular proliferation and decidualization, ERs
also modulate endometrial vascularisation and
expression of angiogeneic factors such as vas-
cular endothelial growth factor (Vegf) [113].
Cell based studies using endothelial cells from
different vascular beds including endometrium
and myometrium reported that these cells con-
tained ERf mRNA and protein but no ERa
(consistent with their phenotype in intact tis-
sue and that the impact of oestrogens on these
cells was via a tethered receptor binding
mechanism involving Spl [62].

Oestrogens play a key role in regulating the
function of endometrial immune cells including
uterine natural killer (uNK) cells [55, 69, 135]
and mast cells [39]. When CD56+ uNK cells
were retrieved from human endometrial tissue,
mRNA for ERp could be detected and cells were
immunopositive for ERf throughout all stages of
the menstrual cycle, suggesting that ER3 homodi-
mers form in these cells [69]. Gibson et al. found
that oestrogen stimulation increased uNK cell
migration and chemokine ligand 2 secretion
which promotes endothelial angiogenesis and
modulates vascular functioning [55] and that the
cells expressed a variant of ERax (ERa46) on their
cell membranes which might mediate rapid E2
dependent signalling and cell mobility [59].
Expression of this variant in other immune cells
is yet to be explored. Aberrant expression of
endometrial ERs has been implicated in a range
of uterine disorders including endometriosis,
adenomyosis, and endometrial cancer the discus-
sion of which is beyond the scope of this chapter
[129, 156].

Myometrium

Within the myometrium, ER plays a crucial role
in pregnancy. Quantitative RT-PCR of human
myometrial tissue collected at term mainly iden-
tified ERo mRNA expression while ERp mRNA

was negligible [150]. During labour, the spike in
E2 levels increases uterine contractility by several
mechanisms including an accentuated oxytocin
response [150], increased connexin-43 gap junc-
tion protein, increased prostaglandin-E2 and F2a
[85], and inhibition of myometrial K* channels
[81]. As oestrogen levels continuously rise
throughout pregnancy, it has been suggested that
the ratio of spliced ERa variants, ERA7 and
ERa46, may play a role in preventing premature
uterine contractions [5]. In a recent study tran-
scriptomic analysis was used to unravel the com-
plex co-regulation of genes that is involved in the
transformation of myometrial cells into a con-
tractile phenotype revealing an important role for
long non coding RNAs and microRNAs with
ESR1 identified as one of 3 master regulators
opening up new avenues for research into the role
of this receptor subtype in regulation of the myo-
metrium [142]

Vagina

Oestrogen receptors are important to normal
functioning of the vagina: only the basal layer
undergoes mitogenic activity whereas supra-
basal cells are keratinized with a squamous
appearance. In post-menopausal women, there is
a reduction in both ERa and ERp in the vaginal
mucosa [22] and treatments with selective
ER-modulators such as Ospemifine are currently
being explored to increase receptor expression
and alleviate the symptoms of vaginal atrophy
[89]. Ayehunie and colleagues developed a
Hormone-Responsive ~ Organotypic ~ Human
Vaginal Tissue Model and used this to explore the
expression of receptors as well as the impact of
E2 and progesterone (P) on gene expression dem-
onstrating a significant upregulation in immune
regulating genes in response to E2 [8].

In ERaKO mice, the absence of ERa led to a
reduction of keratin receptors Krt6a and Krtl0
and failure of epithelial cells to undergo keratin-
ized differentiation [92, 112]. Studies in mice
suggest ERa is also responsible for preventing
vaginal epithelial atrophy and maintaining cellu-
lar integrity [92]. Oestrogen receptors may also
play a role in regulation of leukocyte activity in
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the vagina. The ERaKO mice showed excessive
neutrophil infiltration throughout the estrous
cycle which can damage tissue integrity by
heightening neutrophil elastase and matrix metal-
loproteinase activity [92].

2.4.2 Progesterone Receptors

There is a single PR gene in human and rodent
but this encodes two isoforms of the protein
(PRA, PRB) [29, 40]. The human PR isoforms
(hPRA, 94 kDa; hPRB, 114 kDa) are transcribed
from distinct, oestrogen-inducible promoters
and the only difference between them is that the
first 164 amino acids of hPRB are absent in
hPRA [51]. The classical actions of hPR involve
binding to DNA at progesterone response ele-
ments within the promoter or distant enhancer
of a target gene [9]. In common with the ERs
discussed above, PR can also modulate gene
expression through a pathway involving PR
tethering to transcription factors such as API,
SP1, NFkB, and signal transducer activator of
transcription 3 (Stat3) [64]. Following ligand
binding, redistribution of PR into discrete sub-
nuclear foci occurs in endometrial cells that is
dependent upon binding to the nuclear matrix
and is associated with transcriptional activity:
mutants lacking the ability to interact with the
matrix have been identified [61]. In addition to
transcription factors involved in the tethered
response, several other co-factors important for
PR dependent responses have been identified in
endometrial tissues. One example is FOXO1A
which plays an important role in regulation of
genes involved in decidualization such as
IGFBP1 [79]. An alternative signalling pathway
is mediated via membrane-bound GPCR and
membrane spanning receptors that are beyond
the scope of this chapter but were recently com-
prehensively reviewed by Medina-Laver et al.
[108].

Since the discovery of the two isoforms of PR,
there has been an effort to determine their relative
contributions to progesterone dependent impacts
on cell function. In vitro studies have demon-
strated PRA inhibits PRB action via the inhibi-

tory domain (ID) present in its extra amino acid
domain and this decreases the effects of proges-
terone on target cells [122]. In addition, our
understanding of the key role(s) played by PR in
reproductive function took a major step forward
with studies on female mice with targeted dele-
tion of the entire Pr gene [PrKO] which revealed
an inability to ovulate, uterine hyperplasia and
inflammation as well as major impacts on mam-
mary gland development [96]. The selective abla-
tion of the PRA (PRAKO) and PRB (PRBKO)
isoforms confirmed PRA is the isoform most
important for ovarian and uterine function as its
ablation leads to female infertility [29].

Ovary

The development of antibodies to the PR protein
in the 1980’s led to a number of landmark immu-
nohistochemical studies reporting its localisation
to the different cell types in the human and pri-
mate ovary. For example, Press and Greene
detected expression in ovarian surface epithe-
lium, stroma and luteal cells [125]. Detailed stud-
ies in primates, where access to ovarian tissue at
different stages of the cycle is easier than in
humans, has reported PR positive staining of
theca cells of both healthy and atretic follicles at
all stages of the cycle with some granulosa cells
of primordial and primary follicles being immu-
nopositive but only the granulosa layer of large
preovulatory follicles associated with of lutein-
ization after the LH surge having staining equiva-
lent the theca [70]. Duffy et al. showed that the
ratios of PRA to PRB changes in the monkey cor-
pus luteum (CL) during the luteal phase with
PRA levels decreasing while PRB levels were
unchanged [44]. In humans, PR expression is
maintained in the active corpus luteum, but it
ceases in the late corpus luteum. In their immu-
nohistochemical study on human CL, Maybin
et al. detected PR in all steroidogenic cells and
stromal fibroblasts but endothelial cells, peri-
cytes, macrophages and fibroblasts within the
central CL clot were immunonegative [105].
Notably, studies in mice suggest PR plays a
key role in ovulation with the PRKO females
forming corpora lutea with retained oocytes. The
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failure to release the oocyte in the PRKO is asso-
ciated with reduced biosynthesis of proteases
including cathepsin L [127].

Fallopian tube

In a study using human FT explants Horne et al.
[71] reported PRAB and PRB mRNAs were
decreased in midluteal phase compared to follic-
ular phase and down-regulated in human FT
treated in vitro with progestogen. Progesterone
also controls gamete transport in the oviduct by
regulating muscular contraction (by upregulating
endothelin 1) and ciliary beat frequency (mem-
brane isoforms mPRy and mPRf have been found
on the apical cell membrane and cilia respec-
tively) [21, 114]. Although the exact localization
of PR in the oviduct is inconclusive, focal slow-
ing at the ampullary region may facilitate fertil-
ization [20].

Endometrium

In an early study, Wang et al. used antibodies spe-
cific to the PRB isoform to examine its distribu-
tion in human endometrium across the menstrual
cycle and to compare this to the pattern of protein
expression detected using an antibody that recog-
nised PRA + B [147]. They reported that that
both PR subtypes were present in glands and
stroma in the proliferative phase and by compar-
ing the A + B pattern with that of B alone they
inferred that PRA was most strongly expressed in
stroma during the secretory phase. Subsequent
analysis of full thickness sections highlighted the
parallels between ERa and PRA staining in the
proliferative phase and persistence of PRA in
stromal cells during the secretory phase [145].
Studies in knockout mice have also showed spe-
cific ablation of PRA alone was sufficient to
induce infertility associated with failure of decid-
ualization and implantation [29].

The most well studied genomic impact of
progesterone, acting via PR, on endometrial
cells is the transformation (decidualization) of
stromal fibroblasts, the process of which can be
reliably and reproducibly induced in vitro using
primary human cells [49, 50]. Wide ranging

studies have identified progesterone-dependent
patterns of gene expression including impacts
on cell survival and senescence [18] and induc-
tion of factors that play a key role in uterine
receptivity to the blastocyst [1, 40, 93] and there
are extensive genomic datasets available to
those interested in this aspect of steroid hor-
mone action. Factors induced in response to
P-induced decidualization include the transcrip-
tion factors HAND2 and FOXOI1 as well as
interleukin 15 (IL15) [15, 18]. The importance
of progesterone in induction of IL15 has been
confirmed following analysis of endometrium
from women treated with a progesterone recep-
tor modulator [152]. The production of IL15
plays a key role in recruitment and differentia-
tion of uNK cells that are involved in regulation
of angiogenesis which is important for success-
ful implantation [83]. Notably, a critical role for
ulNK cells downstream of progesterone-induced
changes in tissue function has been supported
by evidence that disfunction in, or aberrant
recruitment of, uNKs has been implicated as a
cause of recurrent miscarriage [123]. A subopti-
mal response to progesterone, so called ‘proges-
terone resistance’, has also been proposed as a
contributing factor in the aetiology of endome-
triosis, a condition associated with sub/infertil-
ity [2].

The endometrium of mice with ablation of Pr
exhibit an exaggerated response to exogenous E2
[96]. Studies in women and primates have also
highlighted the impact of progesterone receptor
antagonists on endometrial cell proliferation [12]
with this property exploited as a therapy for a
range of endometrial disorders [35]. Further stud-
ies exploring the impact of new classes of selec-
tive progesterone receptor modulators (SPRMs)
has revealed specific impacts on PR mediated
gene expression including upregulation of AR
[151].

Myometrium

Two aspects of the impact of progesterone on
the myometrium have attracted particular atten-
tion: the role of progesterone/PR activity in
maintaining myometrial quiescence during
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pregnancy and on the proliferative activity of
cells found in fibroids with a considerable litera-
ture attached to both. Lye and colleagues
recently reviewed the mechanisms that can
stimulate myometrial contractions at the end of
pregnancy with ‘functional progesterone with-
drawal’ being considered as the prime factor for
myometrial activation and labour induction
[133]. Notably, prior to labour in the human
myometrium there is an increase in local activ-
ity of the enzyme 20a-HSD which metabolizes
bioactive progesterone to an inactive metabo-
lite,  20a-dihydroprogesterone,  providing
another example of the importance of intracrine
regulation in reproductive tissue function [120].
Progesterone induces the growth of fibroids
(benign myometrial growths) by regulating key
genes that control proliferation and apoptosis
with recent studies focused on the impact of the
steroid on stem/progenitor cells [19, 80].

Vagina

Immunoreactivity of PRB in the vagina is high-
est during the luteal phase which correlates with
the rise in blood levels of progesterone produced
by the CL. There has been limited studies on the
expression of PR in the human vaginal with
clinical trials in postmenopausal women report-
ing poor induction of PR in response to topical
oestrogens [111]. Studies in mice have been
helpful in revealing a role for epithelial PR in
regulating apoptosis and differentiation of the
vagina [109].

2.4.3 Androgen Receptor

Androgens are synthesised and secreted by both
ovary and adrenals in women. The actions of bio-
active androgens (testosterone and dihydrotestos-
terone) are mediated by AR which is expressed
on the X chromosome [94]. In contrast to ER and
PR proteins, the AR has a very large N terminal
domain which contains important sites for post
translational modifications including phosphory-
lation which can have a significant impact on the
activity of the receptor [27]. The large size of the

receptor also enables interactions between the N
and C terminal domains which can modulate
binding to DNA domains on androgen responsive
genes (AREs) [17].

Ovary

Our understanding of the role(s) played by andro-
gens and its receptor in ovarian function has been
informed both by detailed immunohistochemical
studies using human tissues and those of animal
models including primates and rodents [107, 131,
146]. A particular focus of many of the investiga-
tions has been on the role played by androgens,
such as testosterone, in the development and clin-
ical consequences of polycystic ovarian syn-
drome (PCOS) which have been recently
reviewed [137]. In the human ovary, AR can been
detected by immunohistochemistry in granulosa
cells of all follicle sizes as well as in thecal cells,
the stromal fibroblasts and surface epithelium
[131]. Mcewan et al. conducted studies in a pri-
mate model, the Common marmoset, to explore
the phosphorylation status of ovarian AR [107].
Using phosphorylation-specific antibodies com-
bined with ovarian tissue sections they were able
to detect AR+phosphoserines 81, 308, and 650 in
the granulosa cells of developing follicles, the
surface epithelium, and vessel endothelial cells
suggesting AR was active in these cells [107].

Mouse models with targeted deletion of Ar
from different ovarian cell types as well as mod-
els in which excess androgens are administered
have done much to refine our understanding of
the importance of androgens in normal follicle
development and ovulation and these have been
extensively reviewed in recent papers [7, 137,
146].

Fallopian tube

The Fallopian tube epithelium exists as a contin-
uum of the endometrium but studies by Mclean
et al. using explants recovered from fertile
women showed lower proliferation and higher
expression of epithelial AR than endometrial
samples [97]. In other studies designed to evalu-
ate whether the high levels of androgens in
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women with PCOS might have an impact on
Fallopian tube function, the authors isolated epi-
thelial cells from 12 women then treated them for
14 days in low testosterone (0.8 nM) or a PCOS-
like, testosterone concentration (2 nM) using
both static and dynamic conditions in microflu-
idic devices [73]. Whilst this was a small study
the novel findings included evidence that treat-
ment with high testosterone slowed ciliary beat
and reduced response to oestrogen which may
have some implications for understanding the
reduced fertility experienced by some PCOS
patients [73].

Endometrium

The most prominent expression of AR in the
human endometrium is in the nuclei of stromal
fibroblasts. Saunders and colleagues published
data from full thickness sections of endometrium
highlighting intense expression in the basal com-
partment throughout the cycle but variable expres-
sion in the functional layer with evidence of
upregulation in epithelial cells in the mid/late
secretory phased [57, 101]. They used an in silico
strategy to identify putative androgen-regulated
genes and reported evidence that in vitro treatment
of primary AR-positive endometrial stromal cells
with the potent androgen DHT could reduce apop-
tosis and cell migration [101]. These findings are
in agreement with those highlighting upregulation
in epithelial cell AR expression in response to
treatment with anti-progestins such as RU486
(mifepristone) which have implicated AR in
reduced epithelial cell proliferation [13]. AR are
also expressed in epithelial cells of endometrial
cancers and the perivascular myoid cells surround-
ing blood vessels in the endometrium [31, 54] and
they may play arole in the aetiology of both malig-
nancy and benign disorders such as endometriosis
and heavy menstrual bleeding [134].

Several studies have explored the impact of
androgens on stromal cell decidualization using
in vitro models. For example, Cloke et al. [26]
reported that AR and PR regulate the expression
of distinct decidual gene networks. Notably

AR-induced genes were involved in cytoskeletal
organization and cell motility, whereas analysis
of AR-repressed genes suggested involvement in
cell cycle regulation. In contrast, PR depletion
perturbed a number of signalling intermediates
and knockdown of PR, but not AR, compromised
activation of WNT/B catenin which plays an
important role in endometrial tissue function
[26]. In follow up studies treatment of cells with
the potent AR receptor ligand DHT stimulated
cytoplasmic expansion, lipid droplet formation,
the production of an abundant extracellular
matrix, and gap junction formation in decidual-
ized primary stromal cells [78] and enhanced
their resistance to oxidative stress [77].

Myometrium

The cells of the muscular myometrium contain
abundant nuclear AR during reproductive life:
interest in the role(s) of androgens in myometrial
function have included studies on their impact on
cell proliferation and in myometrial contractility
with particular emphasis on parturition [98, 99].
Whilst there have been limited studies in women
compared to animal models, there is evidence
that circulating concentrations of testosterone,
and its precursor androstenedione, are signifi-
cantly higher during pregnancy than in the non-
pregnant state, and their values increase
throughout pregnancy [106] leading to sugges-
tions they may complement the impacts of pro-
gestins and the maintenance of myometrial
quiescence [121]. Studies exploring the impact of
androgens on contractile activity of the myome-
trium have made use of tissue recovered from
women undergoing elective caesarean [99, 121].
These studies that have reported the relaxation
response to androgens had a very rapid time
course and appears to work through non-genomic
pathways involving calcium which were not
abolished by AR knockdown [99]. In contrast,
the impact of androgens on myometrial endothe-
lial cells in vitro did appear AR-dependent
although the doses of T used in the study were in
the pharmacological range [43].
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Vagina

In a recent study both vaginal tissues and smooth
muscle cells (hvSMC) isolated from the vagina
were evaluated for AR mRNA expression. Whilst
AR mRNA was significantly lower than ERa, in
isolated hvSMCs, its mRNA expression was
higher than PR and both ERs [23]. In addition to
these studies focused on the smooth muscle cells,
the complex interplay between different receptors
in the vaginal mucosa also needs to be expanded to
consider the immune cells that populate the tissue
and this area of research should also complement
that in endometrium [65]. These studies have
translational potential for example in smooth
mucle cells activation of AR by DHT can reduce
their potential to be involved in the initiation and
maintaining of inflammation [103] enforcing the
proposed beneficial effects of topical androgen
administration after menopause [86].

2,5 Summary and Future

Prospects

In this brief review we have highlighted the evi-
dence that spatial, temporal and cell-specific pat-
terns of expression of the sex steroid receptors
(ESR1, ESR2, PR and AR) within the organs of
the female reproductive system are essential for
the fine-tuning of tissue function required for
normal functioning and for fertility. Malfunctions
or mal-adaptations of sex steroid biosynthesis (or
action) via these receptors contributes to com-
mon reproductive disorders including recurrent
miscarriage, heavy menstrual bleeding and endo-
metriosis [35, 95, 156]. The role(s) played by
these receptors have been extensively studied
both in human cells/tissues as well as in model
species, most notably mice [29, 35, 63, 84, 130].

A number of recent technical developments
including improved isolation and characterisa-
tion of stem cells from endometrial tissue and
menstrual fluid [11] and refinement of in vitro
models such as organoids and organ on a chip [3,
140] all offer new opportunities to rapidly
increase our understanding of the impact of sex
steroid receptor dependent signalling in the

reproductive system and to develop new smarter
therapies for reproductive disorders.
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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
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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.

Hormonal Control
of Dynamic Physiological
Change in the Ovary

3.2

(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
Cyp19al 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

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,

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. (¢) 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

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
Cypllal, 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 (Adamtsl), cumulus expan-
sion (Areg, Ereg) and also acts upstream to other
ovulatory transcription factors (Pparg, Hifla)
[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
B (ERp) is expressed at all stages of development,
from the secondary follicle stage onwards to CL
[26, 27]. ERa, 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 ERf is the more
important form in ovulation. Knockout of ERp 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 ERBKO granulosa cells
[29]. Thus, in response to E2, ERP mediates a
gene expression profile that is required for granu-
losa cell differentiation to the fully LH-responsive
preovulatory stage. ERf 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 ERaKO model,
in which anovulation can be ameliorated through
exogenous gonadotrophin stimulation, indicating
that the key role for ERa is in the regulation of
gonadotropin release from the pituitary [31]. The
involvement of non-classical ERa 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 ERa respectively,
resulting in disrupted ERa 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 ERa can have extranu-
clear and ligand-independent ovarian functions
[32, 33]. Furthermore, theca-specific KO of ERa
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 ERa 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 ERP 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 ERBKO vs WT granu-
losa cells [29, 37]. A similar pathway is likely the
mechanism by which ERp regulates other ovula-
tory transcription factors, including RUNX1 and
RUNX2. Rather than having a direct role in ovu-
lation, transcription analysis of ERf KO vs WT
in pre-ovulatory follicles indicates that ERp 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 Cypl7al
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 ERf, 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 PPARa, PPARS
and PPARY, has fatty acids and prostaglandins as
its activating ligands. PPARa and PPARS are
present in theca and stromal cells [55], while
PPARY 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, PPARy has been shown to be
critical for ovarian functions. A granulosa-
specific PPARy 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 PPARYy during ovulation, since the
expression of PPARy 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 PPARy
have been shown to improve ovulation in women
with PCOS [58]. In mice, treatment in the peri-
ovulatory stage with agonists of PPARY have also
been shown to improve the developmental com-
petence of oocytes impacted by metabolic distur-
bance [59]. PPARa and PPARS have not been
found to participate in the regulation of reproduc-
tion in genetic ablation models, with PPARa KO
mice being fertile [60] and PPARS KO being
embryonically lethal [61]. A number of PGR-
regulated genes are now recognised to be down-
stream of PPARy during ovulation in mice,
including Edn2 and 116, which are important in
smooth muscle contraction and cumulus expan-
sion [56]. PPARa and PPARY 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 TRa and TR, both of which
are expressed in oocytes, granulosa cells and
theca cells at different stages of follicle develop-
ment [70]. For TRa, an alternative splicing iso-
form (TRa-2) is more important for female
reproduction, as shown through impaired fertility
in TRa-2 KO female mice [71]. Mice that have
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either TRa-1 (the canonical TRa isoform) or TRf3
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
TRa-1 and TR in regulating female reproduc-
tion which until now has remained unexplored.
Additionally, a recent report has suggested a cor-
relation between TRa in human granulosa cells
and fertility, in which TRa-2 mRNA level is
higher in infertile women and TR« expression is
negatively correlated to Has2 and Ptgs2 [75].
The three subtypes of retinoic acid receptor
(RAR) - RARo/RARP/RARY — 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 (RXRa, RXRp, RXRy) in
ovarian functions, although RXRfp and RXRy
KO mice reportedly reproduce normally [80]. In
granulosa cells, PPARy and RXR have been
shown to regulate the ovary specific promoter of
Cypl19al, 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
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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 Cyp19al (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 (ERp), 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

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

(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 (Hifla). The orphan receptor
LRHI1, as well as glucocorticoid receptor (GR) and reti-
noic acid receptor (RAR) are also important regulators of
ovulatory gene expression

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 Zbrb16 intronic bodies, including
sites previously shown to have enhancer action
that promotes the expression of Zbtbl6 [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.

ERp plays a critical role in granulosa cell
specification and function [29]. However, the
activation of gene expression by ERp in granu-
losa cells is dependent on the presence of FOXL.2,
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 ERf in gran-
ulosa cells, however to date there has been no
systematic comparison of ERf} and FOXL2 bind-
ing sites. Similarly, FOXL?2 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 FOXA?2 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 GRa and GRp, gener-
ated through alternative splicing events, and
within each isoform multiple variants can arise
based on different translation start sites. GRf can
act as a dominant negative inhibitor of GRa 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 ERa and ER iso-
forms are expressed from separate genes and are
less commonly found in the same cell types. In
the ovary in particular, Es72, which encodes ERf,
plays the predominant role in granulosa cells
mediating folliculogenesis, while Esrl encoding
ERa 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 RUNXI1 and
RUNX?2 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, ERf 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 Sral, a long non-coding RNA (IncRNA) that
forms a physical interaction with and promotes
SR transactivation [113, 114]. Curiously, Sral
can also exhibit SR regulatory function in the
form of an encoded protein, named SRAP [115].
The Sral IncRNA 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 Sral
and SRAP are mainly examined in the context of
tumorigenesis [118, 119], transgenic mice with
overexpressed Sral are subfertile and the pres-
ence of Sral and its protein counterpart has been
linked to reproductive disorders that affect the
ovary and uterus [120-122]. The spatial and
temporal patterns of Sral 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 IncRNA 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 Sral 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 IncRNA
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.
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Abstract

Nuclear receptors are master regulators of
energy metabolism through the conversion of
extracellular signals into gene expression
signatures. The function of the respective
nuclear receptor is tissue specific, signal and
co-factor dependent. While normal nuclear
receptor function is central to metabolic
physiology, aberrant nuclear receptor signal-

ing is linked to various metabolic diseases
such as type 2 diabetes mellitus, obesity, or
hepatic steatosis. Thus, the tissue specific
manipulation of nuclear receptors is a major
field in biomedical research and represents a
treatment approach for metabolic syndrome.
This chapter focuses on key nuclear recep-
tors involved in regulating the metabolic
function of liver, adipose tissue, skeletal
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muscle, and pancreatic f-cells. It also
addresses the importance of nuclear co-
factors for fine-tuning of nuclear receptor
function. The mode of action, role in energy
metabolism, and therapeutic potential of
prominent nuclear receptors is outlined.
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4.1 Introduction and Outline

Nuclear receptors govern multiple essential
functions in metabolism. In the current chapter,
we aim to introduce the most important nuclear
receptor-related functions and factors in the
organ-specific regulation of glucose and lipid
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metabolism, as well as diseases associated with
their malfunction, and novel approaches to tar-
get them. Notably, there is a multitude of addi-
tional nuclear receptors, classified either as
orphan receptors including the estrogen related
receptor (ERR) and the retinoic acid related
receptor (ROR), or with known ligands such as
the estrogen receptor (ER), the androgen recep-
tor (AR), and the retinoic acid receptor (RAR).
These receptors are also involved to some
extent in the regulation of metabolism, but can-
not be covered exhaustively within the scope of
this chapter. Our increasing understanding of
the organ- and context-specific regulation of
nuclear receptors and their co-factors (Box 4.1)
has already led to the development of promis-
ing therapeutics for common diseases and will
likely yield novel treatment approaches for
metabolic diseases in the future. We here dis-
cuss the roles of the most prominent nuclear
receptors in metabolism, PPARs, LXR, FXR,
and GR, in the major metabolic organs and
summarize the current state of play as regards
therapeutic targeting of these receptors in meta-
bolic diseases.

4.2 Liver

Constant food accessibility and an overly seden-
tary lifestyle have led to an obesity pandemic.
The imbalance of energy availability and expen-
diture is detrimental especially for the liver,
which is one of the central organs for metabo-
lism. Consequently, conditions such as non-
alcoholic fatty liver disease (NAFLD) and
non-alcoholic steatohepatitis (NASH) are on the
rise. To date, there are no efficient treatments for
these diseases. Increasing knowledge of the
diverse functions of nuclear receptors has led to
growing interest in pharmacological compounds
that can manipulate their activity. Tissue- or
pathway-specific manipulation of nuclear
receptors could represent novel treatment
possibilities.

4.2.1 PPAR« s the Key to Liver Lipid

Metabolism

Peroxisome proliferator-activated receptor alpha
(PPAR®) is a nuclear receptor highly abundant in
liver and other tissues with high rates of fatty acid
oxidation such as cardiac muscle, brown adipose
tissue, and kidney [1-3]. PPARa was initially
identified as an activator of peroxisome prolifera-
tion induced by hepatocarcinogens [4], but was
since established as a master regulator of liver
lipid metabolism. PPAR« expression levels were
found to be reduced in NAFLD patients, but
increased in parallel with NAFLD histological
improvements secondary to lifestyle intervention
or bariatric surgery [5]. In line with this, hepato-
cyte specific disruption of PPAR« in mice resulted
in steatosis and steatohepatitis indicating an
essential role in lipid utilization [6]. Indeed,
PPAR«a expression is increased during suckling
[7] and fasting [8], both states in which fat serves
as the primary energy source. During fasting, fatty
acids released from adipose tissue serve as endog-
enous ligands for PPARa and promote the activa-
tion of the majority of pathways involved in lipid
catabolism, including lipid uptake, intracellular
lipid trafficking, peroxisomal and mitochondrial
p-oxidation, and ketone body synthesis. Cellular
lipid uptake, which is the first step in lipid catabo-
lism, is facilitated by the fatty acid transporters
fatty acid transporter (FAT/CD36) and fatty acid
transporter protein (FATP). Both are direct target
genes of PPARa [9] highlighting the importance
of PPARa function not only for hepatic cellular
metabolism but also for fatty acid clearance from
the periphery. Apart from lipid uptake, PPAR«a
regulates medium-chain acyl-coenzyme A (CoA)
dehydrogenase [10, 11] and acyl-CoA oxidase 1
[11] which are the rate limiting enzymes of mito-
chondrial and peroxisomal fatty acid pf-oxidation
(Fig. 4.1). These miscellaneous regulatory func-
tions of PPARa in lipid metabolism sparked inter-
est in developing compounds based on PPAR«a
target gene products to counteract abnormalities
and disorders associated with the metabolic syn-
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Box 4.1: Transcriptional Co-factors as Tissue-
and Context-Specific Regulators of Nuclear
Receptor Function

The transcriptional control of biological pro-
cesses requires tight regulation and the ability
to rapidly adapt in response to metabolic
changes. NRs facilitate the transcription of
target genes ligand dependently, however also
rely on the recruitment of co-factors. These
co-factors either induce or suppress transcrip-
tion and are referred to as co-activators or co-
repressors, respectively. Co-factors are not
exclusive to the NRs, however in general,
unliganded NRs preferentially interact with
co-repressors and thereby inhibit transcription
while ligand binding promotes NR:co-
activator interaction which facilitates tran-
scription. Interestingly the transcriptional
co-factors transducin f-like protein 1 (TBL1),
and TBL-related 1 (TBLR1) were reported to
act as so called “nuclear exchange factors”,
which regulate gene repression and expres-
sion by exchanging co-repressors and co-acti-
vators [147]. Co-factors modulate NR activity
by determination of cellular localization, reg-
ulation of NR stability, or posttranslational
modification of the NR itself or the chromatin
[148—150]. One of the better studied repressor
complexes is the NR co-repressor (NCoR) and
silencing mediator of retinoic acid and thyroid
hormone receptors (SMRT) co-repressor
complex (NCoR/SMRT complex). This
repressor complex is comprised of the core
subunits NCoR or SMRT as well as histone
deacetylase 3 (HDAC3), G-protein pathway
suppressor 2 (GPS2), TBL1, and TBLRI1
[151, 152]. Repression through the NCoR/

drome. A recent prominent example which gained
interest as a pharmacological target is fibroblast
growth factor (FGF) 21 [12]. FGF21 administra-
tion reduced body weight, blood glucose levels,
circulating plasma insulin, and hepatic gluconeo-
genesis in diet-induced and genetic mouse models
of obesity, as well as in non-human primates [13—
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SMRT complex is partly achieved by HDAC3
mediated deacetylation of chromatin, which
disables transcription. HDAC3 is a negative
regulator of white adipose tissue (WAT)
browning [153], and a modulator of liver lipid
metabolism [154] and pancreatic p-cell func-
tion [155, 156], indicating its prominent and
tissue-specific function in molecular meta-
bolic regulation. GPS2 regulates liver lipid
metabolism [157] as well as adipose tissue
metabolism and its endocrine function [158,
159]. Interestingly, while hepatocyte specific
loss of GPS2 ameliorates NASH [157], TBL1
and TBLRI loss of function in the liver pro-
motes steatosis development [160], indicating
that the complex core components regulate
transcriptional events independently of NCoR
and SMRT and/or through recruitment of
additional regulatory units. In addition, TBL1
and TBLR1 were shown to directly interact
with NRs and facilitate diverse tissue specific
metabolic events including proliferation in
pancreatic cancer cells [161, 162] and adipose
tissue lipid metabolism [163]. It is currently
estimated that the group of co-regulators
includes around 150—400 proteins in humans
[164], providing a unique tissue- and context-
specific targeting opportunity in future
research. As disruption of co-factor function
results in various metabolic diseases, insights
into the mechanistic action of these co-factors
are essential. The diverse features of these co-
factors and their ability to function as com-
plexes but also independently highlight their
importance for the maintenance of a normal
and healthy metabolism and their potential in
the development of novel therapeutic drugs.

16]. Additionally, while FGF21 ablation resulted
in severe hepatic steatosis and inflammation [17,
18], elevation of circulating FGF21 levels reversed
fatty liver and NASH [18, 19]. Due to poor phar-
macokinetic properties of natural FGF21, several
modified FGF21 analogues were developed,
which are currently undergoing clinical trials.
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Fig. 4.1 Nuclear receptors involved in regulating liver
metabolism. Schematic representation of the main func-
tions of nuclear receptors in the liver and their ligands,
main mode of action, and key target genes. (a) Upon
ligand binding, PPAR« induces lipid catabolism through
direct induction of genes involved in cellular lipid uptake
(FAT/CD36, FATP), fatty acid B-oxidation (ACO, MCAD,
CPT1), and ketone body synthesis. (b) Apart from choles-
terol metabolism (CYP7A1, ABCGS5, ABCGS), LXR con-
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ity promotes gluconeogenesis (PEPCK, G6Pase) and lipid
metabolism (ANGPTL4, FOXO1) in the hepatocytes.
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acyl-CoA dehydrogenase, FGF21 fibroblast growth factor



4 Nuclear Receptors in Energy Metabolism

65

Recently completed phase 2 studies assessed the
efficacy and safety of FGF21 covalently conju-
gated to polyethylene glycol (PEGylation).
PEGylated FGF21 significantly reduced hepatic
fat, liver stiffness, fibrosis markers, and markers
of liver damage [20, 21]. In contrast to recombi-
nant FGF21 and other FGF21 analogues,
PEGylated FGF21 did not induce bone loss or
increased blood pressure in the pre-clinical setting
[22-24], suggesting a low risk for chronic treat-
ment in patients. Currently two phase 2b studies
are ongoing, which evaluate the effects of
PEGylated FGF21 in NASH patients with severe
fibrosis (ClinicalTrials.gov Identifiers:
NCT03486899 and NCT03486912). Another
long-acting FGF21 fusion protein (Fc-FGF21)
was shown to improve glucose metabolism and
plasma lipid levels across species, including
humans [25, 26]. Completion of a phase 2 clinical
study, which investigated the effects of
Fc-FGF21 in NASH patients, reported reduction
of the hepatic fat fraction and markers of liver
damage, while improving glycemic control [27],
indicating the potential of this compound as a
novel treatment possibility for NASH and
NAFLD. The current lack of approved treatments
for these conditions underlines the significance of
the pharmacological improvements in obesity
related morbidities after FGF21 analogue admin-
istration. As a direct PPAR« target gene, this indi-
cates how crucial the physiological function of
PPAR« in the liver is, and how promising manipu-
lations of these pathways are to develop novel
treatment possibilities for the metabolic syndrome
and its manifestation as NAFLD and NASH.

4.2.2 LXRand FXR Are Regulators
of Cholesterol Metabolism

The two liver X receptor (LXR) isoforms, o and
B, are key regulators of cholesterol, triglyceride,
and carbohydrate metabolism in the liver [28—

<

30]. LXRa was initially discovered in the liver
where it is highly abundant [31], whereas LXRf
is ubiquitously expressed [32]. Cholesterol, cho-
lesterol derivatives, and cholesterol precursors
were identified as natural LXR ligands indicating
a central role of LXR in cholesterol metabolism
[33]. Indeed, LXR is an intracellular cholesterol
sensor and modulator by directly regulating
genes involved in reverse cholesterol transport
(RCT), conversion of cholesterol into bile acids,
and intestinal excretion of cholesterol. In rodents,
LXR induced cholesterol 7 a-hydrolase
(CYP7A1) expression upon ligand binding,
which is the first step and the rate-limiting
enzyme for bile acid synthesis [28]. Interestingly,
binding of bile acids to the farnesoid X receptor
(FXR), another nuclear receptor highly abundant
in the liver, downregulated CYP7A1 expression
[34], identifying FXR as a LXR counterplayer.
The downregulation of CYP7Al was in part
facilitated by the FXR target gene FGF15 in mice
and its orthologue FGF19 in humans [35]. In
addition to bile acid synthesis inhibition, FXR
promoted the modification of bile acids into less
toxic molecules [36] and hepatic bile acid efflux
via ATP-binding cassettes ABCB11 and ABCB4
[37-39], while LXRa and p regulated cholesterol
efflux from the liver into the bile via ABCG5 and
ABCGS [40] (Fig. 4.1).

Despite sharing 78% similarity in their amino
acid sequence [41], LXRa and B do not possess
identical functions in metabolism [42]. In mice
lacking LXRa only, cholesterol removal from the
body was severely impaired [28, 42], while
LXRp knockout (KO) mice were protected from
such a phenotype [42]. Interestingly, LXRs were
also identified to regulate glucose metabolism
through energy utilization in brown fat [43], pan-
creatic insulin secretion [44], and direct up-
regulation of the glucose transporter GLUT4 in
adipose tissue and muscle [30, 45, 46].
Additionally, ligand activated LXR activity
inhibited the gluconeogenic program through

<

Fig. 4.1 (continued) 21, CPT! carnitine palmitoyltrans-
ferase 1, CYP7AI cholesterol 7 o-hydrolase, ABCGS5
ATP-binding cassette G 5, SREBPIc sterol regulatory
element-binding transcription factor 1, ChREBP
carbohydrate-responsive element-binding protein, APOE

apolipoprotein E, LPL lipoprotein lipase, BA bile acid,
PEPCK phosphoenolpyruvate carboxykinase, G6Pase
glucose-6-phosphatase, ANGPTL4 angiopoietin-like 4,
FOXOI forkhead box protein O1
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down-regulation of peroxisome proliferator-
activated receptor-y coactivator 1-o (PGC-1),
phosphoenolpyruvate carboxykinase (PEPCK),
and glucose-6-phosphatase (G6Pase) expression
in the liver (Fig. 4.1). Suppression of gluconeo-
genesis was accompanied by increased glucoki-
nase expression, which promoted glucose
utilization and blood glucose clearance [30, 45,
47]. Similar to LXR, FXR also regulates glucose
metabolism through fine tuning of gluconeogen-
esis. In the fed state FXR inhibited gluconeogen-
esis through repression of the key enzymes
PEPCK and G6Pase [48, 49], while at fasted state
FXR promoted the gluconeogenic program [49].
Accordingly, mice lacking FXR are prone to glu-
cose intolerance and insulin resistance [50].

Due to the primarily beneficial action of LXR
on glucose metabolism, LXR agonists were ini-
tially thought to be ideal therapeutic agents to treat
hepatic steatosis and hyperglycemia. Indeed, LXR
agonist administration suppressed the gluconeo-
genic program and thereby reduced blood glucose
levels [45]. Some of the promising effects of LXR
agonists on glucose metabolism were, however,
shown to be rodent specific [51]. Additionally, syn-
thetic LXR agonists promoted hepatic lipogenesis
and steatosis, via transcriptional activation of the
triglyceride master regulator sterol regulatory bind-
ing transcription factor (SREBP) 1 [29, 52].
Reduced lipogenesis was observed in LXRa KO
mice in comparison to wild type mice [28].
However, LXR agonist administration in LXRa
KO mice increased SREBP1 gene expression [29]
indicating that both LXRa and LXRf} regulate lipo-
genesis and triglyceride synthesis in the liver. The
species-specific effects as well as adverse effects of
synthetic LXR agonists raised concerns as to the
suitability of LXR agonists for lipid metabolism-
associated disorders. In recent studies inverse LXR
agonists gained interest for NASH/NAFLD treat-
ment. Similar to agonists, inverse agonists bind to
the same receptor, however they exert the opposite
effect on the target cells. The inverse LXR agonist
10rr was found to inhibit lipogenesis by downregu-
lating the expression of SREBP1, acetyl-CoA car-
boxylase (ACC), fatty acid synthase (FAS) and
stearoyl-CoA  desaturase-1  (SCD-1)  [53].
Interestingly, the liver specific inverse LXR agonist

SR9238 exerts antifibrotic and anti-inflammatory
effects on NASH [54, 55] and suppresses hepatic
steatosis [56]. Surprisingly, in contrast to what was
seen in LXR KO mice, reduced plasma cholesterol
levels were observed, partly through downregula-
tion of HMG CoA reductase (HMGCR) [56], a key
regulator of cholesterol synthesis. So far, no studies
were performed testing inverse LXR agonists in
humans. However, administration or combination
of such inverse agonists could provide novel impli-
cations and treatment possibilities in fatty liver
associated diseases. In contrast, several FXR ago-
nists already underwent clinical studies especially
for the treatment of NASH. The FXR agonist
obeticholic acid (OCA) reduced bile acid synthesis
by repression of CYP7Al gene expression.
Moreover, OCA protected from NASH induced
apoptosis of hepatocytes through suppression of
p53 [57]. In NASH patients, treatment with OCA
improved liver histology, however induced pruritus
(itching) [58], which was also observed in treat-
ment with other FXR agonists [59]. Currently a
long term phase 3 study (NCT02548351) is ongo-
ing to evaluate the effects of OCA on mortality,
liver-related clinical outcomes, and long-term
safety [60]. Cilofexor, another FXR agonist, was
reported to improve hypertension and liver fibrosis
in rats [61]. Additionally, in a phase 2 clinical trial
NASH patients receiving cilofexor showed
improved hepatic steatosis and liver transaminases
[59]. In conclusion, FXR agonists represent novel
and attractive candidates for NASH treatment. The
current ongoing studies to determine safety and
efficiency highlight the potential of such FXR
agonists.

4.2.3 GR- Linking Inflammation
and Metabolism

The glucocorticoid receptor (GR) is a hormone-
dependent nuclear receptor which regulates a
wide range of metabolic processes including
inflammation, lipid and glucose metabolism.
More than 50 genes are under direct GR control in
the liver alone [62]. GR directly regulates the
expression of the gluconeogenic key enzymes
PEPCK and G6Pase, suggesting an essential role
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of GR in gluconeogenesis. Thus, suppression of
GR activity in the liver improved hyperglycemia
and dyslipidemia in genetic and inducible models
of diabetes through down-regulation of PEPCK
and G6Pase [63-65] (Fig. 4.1). Apart from gluco-
neogenesis, GR was shown to control lipid metab-
olism by regulating enzymes involved in
lipogenesis, triglyceride (TG) uptake and fatty
acid B-oxidation, resulting in hepatic lipid accu-
mulation upon GR activity [66, 67]. Conversely,
upon liver specific GR dysfunction, hepatic ste-
atosis in db/db mice was ameliorated mainly
through the induction of hairy enhancer of split 1
(HES1) gene expression [67]. Additionally,
hepatocyte-specific GR KO impaired systemic
bile acid distribution, hepatic bile acid uptake, and
increased the susceptibility to develop cholesterol
gallstones [68]. This indicates the importance of
functional and balanced GR signaling in the liver.
Previous studies identified regulatory factors such
as microRNAs, transcription factors, or co-factors
that directly interact with GR and thereby fine
tune and balance its actions in the liver and other
tissues [69-72]. Pharmacological activation of
GR through cortisone or dexamethasone has
immune-suppressive properties and is therefore
commonly used in inflammatory or auto-immune
diseases [73], however the use is overshadowed
due to its severe metabolic side effects. Chronic
glucocorticoid (GC) administration and the
induced GR activity can result in metabolic abnor-
malities including hyperglycemia, insulin resis-
tance, hepatic dyslipidemia, and hypertension
[74]. Despite these severe negative effects that
come with chronic GR activation, GCs are still
widely prescribed. Interestingly, it was previously
shown that due to alternative splicing, GR is
expressed as two isoforms, GRa and GRf [75].
Both isoforms are ubiquitously expressed in most
tissues, with GRp to a lesser extent than GRa.
Additionally, in contrast to GRa, GRp lacks a
binding pocket for GCs [75, 76]. GRp was ini-
tially shown to act as a GRa antagonist by binding
to glucocorticoid responsive elements without
inducing gene expression and also through het-
erodimerization with GRa [75, 77-79]. However,
recent studies suggest that GRp has, apart from
the GRa antagonizing property, distinct regula-

tory functions on gene expression. Animal studies
revealed that GRf is the main regulator of hepatic
gluconeogenesis and lipid storage. GRf gene
expression was elevated in the liver upon diet
induced obesity [80]. Moreover, upon liver spe-
cific GRP overexpression, hepatic and serum TG
levels were significantly elevated. Additionally,
GRp overexpression resulted in hyperglycemia
without alterations in circulating insulin levels
suggesting increased gluconeogenesis or reduced
hepatic insulin signaling [80]. Interestingly, short
term GC administration induced lipolysis in adi-
pose tissue through transcription of hormone-
sensitive lipase (HSL) and adipose triglyceride
lipase (ATGL) [81]. An explanation for this obser-
vation might be that short-term exposure to GC
specifically activates GRa, which facilitates lipol-
ysis [81]. GRa action however is antagonized by
GRp upon chronic GC administration [75, 77, 78]
which in turn induces gluconeogenesis and lipo-
genesis [80], notably through interaction with
PPARa pathways, finally resulting in metabolic
disruptions such as hepatic dyslipidemia and
hyperglycemia. Given the antagonizing effect of
GRp on GRa and the direct regulation of hepatic
glucose and lipid metabolism by GRp, differenti-
ation between the isoforms is essential in future
studies. Specific regulation of either of the GR
isoforms thus might provide novel treatment pos-
sibilities or reduce the severity of GC-associated
side-effects.

4.3 AdiposeTissue

The white adipose tissue (WAT) is the central
organ for energy storage. Excess energy is con-
verted into TG and stored in lipid droplets in adi-
pocytes. In nutrient deprived states, fatty acids
are released and serve as energy source for other
tissues such as liver or skeletal muscle.
Additionally, adipose tissue was identified as an
endocrine organ and releases a wide range of
adipokines which regulate immune responses,
control blood pressure, or modify glucose
homeostasis. Modern lifestyle but also genetic
predisposition account for excessive fat storage
in WAT, which is accompanied by hyperglycemia
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and dyslipidemia. In contrast, brown adipose tis-
sue (BAT) is specialized to dissipate chemical
energy in the form of non-shivering thermogene-
sis. The ability of white adipocytes to convert
into brown-like or beige adipocytes, named
browning and partly regulated by nuclear recep-
tors (see also Box 4.1), represents an intensively
studied field to target lifestyle induced obesity.

4.3.1 PPARy Is the Master Regulator

of Adipose Tissue Function

The master regulator of adipose tissue function is
PPARYy. Its expression is rapidly induced during
adipogenesis [82], regulating hundreds of genes
central to adipocyte function, including lipid
transport (FABP4), fatty acid uptake (FATP,
LPL), recycling of fatty acids (PEPCK), and
lipolysis (GPR81) [83-87] (Fig. 4.2). Indeed,
PPARY KO in pre-adipocytes completely inhib-
ited adipocyte formation [88], proving the vital
importance of this nuclear receptor for adipogen-
esis. In patients, a mutation in the ligand-binding
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Fig. 4.2 Regulation of adipocyte function by PPARYy.
Upon ligand binding PPARYy induces genes involved in
adipogenesis, lipid transport (FABP4), fatty acid uptake
(FAT/CD36 FATP), lipid recycling (PEPCK, GLUT4),
and lipolysis (LPL). PUFA polyunsaturated fatty acid, /2-

domain of PPARY led to partial lipodystrophy
and insulin resistance [89], and mice lacking
PPARY in the adipose tissue displayed the same
phenotype [90]. Aside from the effects on adipo-
genesis, PPARY is also important for insulin sen-
sitivity as it regulates adiponectin and resistin
expression [91, 92]. Synthetic PPARYy agonists,
in particular thiazolidinediones, ameliorate insu-
lin resistance and are widely used in type 2 diabe-
tes mellitus (T2DM) treatment [93]. Fat
accumulation in insulin sensitive tissues such as
liver and skeletal muscle has been shown to pro-
mote insulin resistance. PPARy agonist-induced
upregulation of genes involved in fatty acid
uptake and storage in the adipose tissue promotes
redistribution, and could thereby prevent ectopic
fat accumulation in liver or skeletal muscle.
Weight gain, liver damage, and cardiovascular
events are, however, common side-effects upon
chronic PPARY activation [94, 95]. Interestingly,
in vitro exposure of white adipocytes and in vivo
exposure of mice to synthetic PPARy agonist
induced expression of brown fat marker genes
including uncoupling protein 1 (UCP1), PR
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domain containing 16 (PRDMI16), and Cell
Death-Inducing DFFA-Like Effector A (CIDEA)
[96-98]. The potential of increased energy
expenditure by promoting browning in obesity
treatment has been previously reviewed [99].
However, although PPARy agonist administra-
tion induced browning of white adipocytes,
PPARY overexpression had no such effect [93].
Previous studies have shown that administration
of dual agonists, compounds activating two tar-
gets simultaneously, surpass effects that are
reached by conventional agonists [100].
Interestingly, in vivo simultaneous activation of
PPAR«a and PPARY through dual agonists syner-
gistically induced browning of white adipocytes
[101]. Moreover, combinatorial PPARa and vy
activation reduced body weight and ameliorated
insulin resistance in diet induced obesity, mainly
through FGF21 signaling. Although PPAR« is
the key regulator of FGF21 expression [12], its
effects on browning rely on pharmacological
PPARY activation [101].

Not only white adipocyte metabolism and the
white-to-brown transition of adipocytes are regu-
lated by PPARY, but also BAT relies on normal
PPARy function. In BAT, PPARY is essential for
adipogenesis, adipocyte differentiation, survival,
and functionality [90, 102—-106]. Similar to WAT,
PPARY ablation in BAT inhibited adipocyte for-
mation [90, 102]. In addition, mature brown adi-
pocytes lost their ability to induce non-shivering
thermogenesis as PPARy directly regulated the
key thermogenic proteins UCP1 and PRDM16
[104, 107]. Accordingly, chronic treatment of
mice with the PPARy agonist rosiglitazone
increased UCPI levels in brown adipocytes, and
thereby thermogenesis [103]. Interestingly,
PGCla, a PPARY target gene itself [108], directly
interacted with PPARYy to enhance UCPI gene
expression [109]. Conversely, mice lacking
PGCla failed to induce thermogenesis in response
to cold exposure [110]. The interaction between
PPARy and PGCla is highly tissue- and target
gene-specific. For example, PGCla was differen-
tially expressed between BAT and WAT [109],
suggesting a BAT-specific function. Moreover,
PPARy-controlled FABP4 expression was PGCla
independent [109], indicating that PCGla selec-

tively facilitated PPARy mediated thermogenesis
in BAT. Apart from UCP1 expression, rosigli-
tazone administration upregulated triacylglycer-
ide (TAG) synthesis [103], underlining the
importance of PPARy in BAT, as it regulates
expression of key proteins but also the formation
of substrates for non-shivering thermogenesis.

Taken together, PPARY regulates many aspects
of white and brown adipose tissue metabolism,
which reveals PPARY as highly promising target
for metabolism associated abnormalities.
Browning of adipocytes especially, but also
increased combusting of energy through BAT,
represent two intriguing possibilities to counter-
act obesity and its related morbidities. To date,
the investigation of novel drugs for the treatment
of obesity in humans by the induction of brown-
ing of white adipocytes has proven difficult.

44  Muscle

Skeletal muscle is the largest metabolically
active organ in the human body. It is the major
site of insulin dependent glucose uptake, glyco-
gen storage, and fatty acid oxidation. Under met-
abolic disorders such as obesity and diabetes,
severe changes occur in the skeletal muscle
amongst which the switch from type 1 slow-
twitch to type 2 fast-twitch fibers has profound
consequences. The transition of the fiber types
promotes insulin resistance, further driving the
vicious cycle of the metabolic syndrome.
Increase of the favorable type 1 slow-twitch
muscles will ameliorate the metabolic syndrome
by retrieving insulin sensitivity.

4.4.1 PPARf/6 - Regulator

of Skeletal Muscle

PPARP/S is the key transcription factor in skele-
tal muscle function and metabolism (Fig. 4.3). In
the skeletal muscle PPARP/S regulates glucose
and fatty acid metabolism [111, 112], myogene-
sis [113] and the transition from fast glycolytic
2b to slow/fast oxidative 1/2a fibers [114-116].
In mice and humans, PPARP/S expression is
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Fig. 4.3 PPARp/5 and
its main function in
muscle metabolism. In
the muscle, PPARp/S
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higher in slow/oxidative muscle types in
comparison to fast/glycolytic muscles [117, 118]
indicating a significant role in muscle type transi-
tion. Indeed, during endurance training, which
promotes slow/fast oxidative fiber formation,
PPARP/S expression was elevated [119]. The
increase in the number of slow/oxidative muscle
fibers upon PPARP/S induction resulted from
increased muscle progenitor cell abundance,
partly through antagonism of myostatin activity,
a potent myokine inhibiting muscle growth [113,
120, 121]. Moreover, induction of overexpres-
sion of PPARP/d improved wheel-running per-
formance, favored the number of slow/fast
oxidative 1/2a fibers, and decreased body fat
mass in rodents, partly regulated by the PPARB/S
target gene PGCla [114, 116, 119]. Interestingly,
as observed above PGCla was also identified as
a PPARP/S coactivator [109], leading to a feed-
forward loop which ensures constant PGCla
expression and thereby maintenance of slow/oxi-
dative fibers [122, 123]. Accordingly, muscle
specific overexpression of PGCla phenocopies
PPARp/S overexpression suggesting that both
PGCla and PPARP/S facilitate skeletal muscle
metabolism and function [123]. Moreover,
PPARP/® modulates fatty acid metabolism
through direct transcriptional control of enzymes
involved in lipolysis, lipid uptake, and fatty acid

B-oxidation [111, 115]. Regulation of B-oxidation
in the muscle by PPARP/S is facilitated by its
direct target gene pyruvate dehydrogenase kinase
4 (PDK4) [111]. PDK4 inactivates the pyruvate
dehydrogenase complex (PDH), which is rate
limiting for carbohydrate metabolism, leading to
the up-regulation of fatty acid B-oxidation [124].
Accordingly, mice lacking muscle-specific
PPARP/d suffer from dyslipidemia [115]. In diet-
induced and genetic mouse models of obesity,
PPARp/d agonist administration increased fatty
acid p-oxidation and thereby improved dyslipid-
emia [111]. Moreover, PPARP/S agonist treat-
ment improved insulin resistance, elevated
proliferation of mitochondria, and reduced lipid
droplets in skeletal muscle [111, 116], highlight-
ing the therapeutic potential of PPARB/S agonists
in the metabolic syndrome. Although agonist-
activated PPARB/S was shown to oppose T2DM
and obesity progression, and mimiced endurance
training, none of the PPARP/S agonists has
reached human application yet. This is largely
because, apart from the overall positive effects on
skeletal muscle metabolism, PPARP/S agonist
administration was linked to liver fibrosis and
hepatic carcinoma [125, 126]. In a recent study,
novel and highly muscle-specific PPARp/S ago-
nists were synthesized [127], yet remain to be
tested for efficiency and side effects. The devel-



4 Nuclear Receptors in Energy Metabolism

71

opment of tissue-specific PPARB/S agonists is
crucial in order to bypass the severe side effects
in other tissues which limit their potential to
improve skeletal muscle function.

4.5 Pancreas

Pancreatic p-cells are the main regulators of glu-
cose homeostasis as they secrete insulin in
response to glucose, enabling glucose uptake into
peripheral tissues. Chronic elevation of blood
glucose levels results in f-cell hypertrophy,
exhaustion, and dysfunction. Hallmarks of p-cell
dysfunction are loss of identity, apoptosis, and
insufficient insulin secretion, promoting the pro-
gression of T2DM. Counteracting p-cell dysfunc-
tion by nuclear receptor manipulation might
prevent progression of diabetes.

4.5.1 The NR4A Family of Orphan
Nuclear Receptors
as Regulators of p-Cell

Physiology

The NR4A family of orphan nuclear receptors
comprises of three members: nuclear receptor 4
Al (NR4A1), NR4A2, and NR4A3. All three
were identified as important regulators of apopto-
sis, inflammation, and metabolism. While no
function in p-cells for NR4A2 was reported thus
far, the NR4A members NR4A1 and NR4A3 have
gained substantial interest in pancreatic p-cell
research and their roles are summarized in
Fig. 4.4. NR4A1 expression was induced by glu-
cose and fatty acids in p-cells [128, 129], indicat-
ing a significant role of NR4A1 in B-cell function
and metabolism. Indeed, the NR4A 1 promoter was
hypomethylated in pancreatic islets from T2DM
patients and mouse models of T2DM and in turn,
induction of NR4A1 expression decreased blood
glucose levels [130]. Moreover, NR4A1 deletion
in insulin-secreting INS1 832/13 cells inhibited
glucose stimulated insulin secretion through
impaired mitochondrial respiration and tricarbox-
ylic acid cycle [131, 132]. Additionally, NR4A1
was characterized as a direct NK homeobox 6.1

(NKX6.1) target and thereby induced f-cell pro-
liferation in rat pancreatic islets through up-regu-
lation of cell cycle activating genes [133].
Surprisingly, in MING6 cells — a murine insulinoma
p-cell line capable of insulin secretion in response
to glucose stimulation [134] — fatty acid induced
NR4A1 expression impaired insulin biosynthesis
and insulin secretion through direct protein-pro-
tein interaction with forkhead box protein O1
(FOXO1) and down-regulation of pancreatic and
duodenal homeobox 1 (PDX-1), MAF BZIP tran-
scription factor A (MAFA), and neurogenic dif-
ferentiation 1 (NEUROD), essential transcription
factors regulating -cell identity and function
[135]. Apart from insulin secretion, NR4Al
directly regulates endoplasmic reticulum (ER)
stress induced apoptosis. ER stress, a result of
sustained hyperglycemia and dyslipidemia, is a
driver for T2DM progression by inducing apopto-
sis in pancreatic p-cells [136]. Interestingly,
NR4A1 expression positively correlated with the
induction of ER stress in vitro and ex vivo, while
overexpression of NR4A1 ameliorated ER stress
induced apoptosis [136, 137]. NR4A1 was identi-
fied as mitogen-activated protein kinase phospha-
tase 7 (MKP7) transcription factor, which
counteracted c-Jun N-terminal kinase (JNK)
activity and thereby apoptosis by dephosphoryla-
tion of JNK [138]. The lack of suitable and spe-
cific NR4Al ligands has hampered detailed
research on NR4A1 function in f-cells. Although
cytosporone B (Csn-B) was identified as one of
the first naturally occurring agonists for NR4A1,
its effects on P-cells remain to be investigated
[139]. Systemically, Csn-B administration
resulted in increased blood glucose levels partly
induced by upregulation of gluconeogenic genes
in the liver. Additionally, Csn-B induced apopto-
sis in tumor cells to inhibit xenograft tumor
growth [139], highlighting its promising proper-
ties to treat hypoglycemia and cancer.

Similar to NR4Al, findings on NR4A3 func-
tion in P-cells are contradictory. Initially, NR4A3
was proposed as novel candidate gene for p-cell
function, as common genetic variations within the
NR4A3 locus were associated with improved
insulin secretion [140]. Glucose, fatty acids, and
pro-inflammatory cytokines promote NR4A3
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Fig. 4.4 The orphan nuclear receptors NR4A1 and
NR4A3 and their function in f-cells. Ligands, main
mode of action, and key target genes of NR4Al and
NR4A3 in the pancreatic p-cells. For both nuclear recep-
tors, studies are contradictory. (a) NR4A1 expression pro-
motes P-cell proliferation and ameliorates ER stress
induced apoptosis through MKP7. However, NR4A1

gene expression [141, 142]. Accordingly, NR4A3
expression was elevated in human islets from
T2DM patients in comparison to healthy controls,
while global NR4A3 deletion in mice resulted in
increased P-cell mass, enhanced f-cell prolifera-
tion, and improved glucose tolerance [141].
Additionally, in vitro NR4A3 overexpression neg-
atively correlated with insulin gene expression and
secretion [142], suggesting NR4A3 activity
impaired f-cell function (Fig. 4.4). Unexpectedly,
NKX6.1 was also characterized as a direct regula-
tor of NR4 A3 expression, and NR4A3 overexpres-
sion promoted f-cell proliferation [133]. Various
compounds directly regulate NR4A3 activity.
6-Mercaptopurine was identified as specific

- B-cell proliferation and
function (GSIS)

: - ER-stress
: - Conflicting data

¢ MKP7

- B-cell proliferation &
impaired GSIS
- Conflicting data

expression was also associated with impaired p-cell func-
tionality. (b) NR4A3 was described as positive regulator
of p-cell proliferation. However, NR4A3 expression was
linked to impaired f-cell function. The underlying con-
flicting results might be explained by the different models
used in the respective studies. FA fatty acid, MKP7
Mitogen-activated protein kinase phosphatase 7

NR4A3 agonist in skeletal muscle [143, 144].
Moreover, NR4A3 expression was induced by
B-adrenergic receptor agonists, indicating a role in
lipid metabolism [145]. Further, exendin-4 was
shown to attenuate NR4A3 expression in vascular
smooth muscle cells [146]. However, the effects
and functionality on p-cells remain to be shown.
In summary, current data support a direct reg-
ulatory function of the orphan nuclear receptors
NR4A1 and NR4A3 in B-cell functionality and
metabolism. The conflicting results on NR4A1
and NR4A3 regulated insulin gene expression
and secretion may be explained by the different
models used in the respective studies. The con-
duction of in vivo studies with B-cell specific
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Fig. 4.5 Potential treatment strategies in metabolic
diseases. Exemplary treatment strategies for metabolic
diseases by pharmacologically targeting nuclear recep-
tors. (a) NAFLD & NASH treatment: Recombinant
FGF21 proteins downregulate hepatic gluconeogenesis
and promote glucose clearance and glycolysis. Inverse
LXR agonists reduce lipogenesis and reduce plasma cho-
lesterol levels though inhibition of HMG CoA reductase.
FXR agonists reduce bile acid synthesis and thereby pro-
tect from NASH induced apoptosis in hepatocytes.

NR4A manipulation will help to further under-
stand the function of NR4A1l and NR4A3 in
B-cells. Additionally, the continuous search for
novel specific agonists is essential for clinical
applications such as in the treatment of p-cell
dysfunction in T2DM.

4.6 Conclusion

Nuclear receptors are key regulators of metabo-
lism and their function is indispensable for meta-
bolic health. Together with co-factors and other
co-regulators, they govern a wide range of tis-
sue- and context-specific functions influencing
lipid and glucose metabolism. As a result,

-

. T2DM & obesity
progression

Altered fibre types &
energy expenditure

% PPARB/& agonist

T2DM & obesity
progression

Browning through FGF21

/Q PPARy & PPARa
/¢ dual agonist

Specific GRa manipulation would avoid glucocorticoid
induced side effects, which are likely induced by GRp. (b)
T2DM and obesity progression: PPARB/S activity alters
fiber types and increases energy expenditure. A dual
PPARa and PPARy agonist induces browning of white
adipocytes and thereby increases energy expenditure.
FGF2] fibroblast growth factor 21, SREBP sterol regula-
tory element-binding transcription factor 1, ACC acetyl-
CoA carboxylase, FAS fatty acid synthase, SCDI
stearoyl-CoA desaturase

manipulation and therapeutic targeting of
nuclear receptor function has been intensively
studied and continues to produce novel and
promising drug candidates for metabolic dis-
eases including T2DM, NAFLD, and NASH
(Fig. 4.5).
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